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FOREWORD 


Bj E. Newt ox Harvey, Professor rf Physiology^ 

Princeton Unkersit\\ L\S.A. 

Just as chemistry could not have developed without test tubes 
to hold reacting substances, so organisms could not have e\*olved 
without relatively impermeable membranes to surround the cell 
constituents. This barrier between the inside and the outside, the 
inner and external world of each living unit, has been and always 
must be considered one of the fundamental structures of a cell. 
No one can fail to be impressed with the great difference in 
properties of living and dead cells. The dead are completely 
permeable to diffusible substances, while tlie living retain one 
material and pass another. This difference, selective permeability, 
is so marked that it becomes the surest test to distinguish the living 
from the dead, holding where all other methods fail. It can truly 
be said of living cells, that by their membranes ye shall know 
them. 

There can be no doubt of the fundamental importance of cell 
permeability. Several symposia on membranes have been held 
recently, notably that of the Faraday Society in 1937 and tliat at 
Cold Spring Harbor in 1940, but no general books on ceil per- 
meability have appeared for over ten years. It was, therefore, 
with great pleasure that I learned of Drs Danieili and Davson's 
plan to bring together the existing knowledge in a book dealing 
with natural membranes. Such an undertaking is no mean task. 
Cell permeability has passed from the qualitative to the quanti- 
tative stage and the detailed data now available would baulk less 
enthusiastic authors, even in normal times. The compilation will 
be even more appreciated in that it has been carried out under 
the stress of war. Cell physiology wdll be grateful indeed for this 
summing up of a subject which is destined for rapid development 
under the stimulus of modern methods of exploring molecular 
dimensions and molecular arrangement. View’points may differ 
but the facts remain. These are systematically and logically pre- 
sented in this timely volume. 
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1 N this book we endeavour to give a general survey of the field 
of permeability. We have included materials essential for students 
of Medicine, Physiology, Biochemistry, Zoology’ and Botany, and 
have provided key references so that the literature on any point 
which it is desired to pursue further may be looked up with a 
minimum of trouble. We hope this will assist those lecturing on 
permeability, and will accelerate the disappearance of the many 
errors which have crept into the literature designed for students. 

The last twenty years have seen a steady development of exact 
measurements of membrane permeability, mainly due to the 
American schools of Lillie, Lucke and McGutcheon, and Jacobs, 
but also largely contributed to by the Finnish school of Coiiander 
and Bariund. To-day we may on the one hand say that the 
experimental side of this field is now mainly quantitative. During 
the same period physical science has made many advances in 
the fields of surface chemistry and the structure of liquids and 
solids. These have provided us with the basic materials for a 
quantitative theory of permeability. To some extent we have in- 
corporated such a theory in this book, drawing principahy on the 
work of I. Langmuir, W.D. Harkins, X.K.Adam, E.K.Rideal and 
E.N. Harvey when dealing with membrane structure, and on the 
theory of activated diffusion and on such work as that of Fowler 
& Bernal in achieving a description of the process of penetration 
of a membrane. So that, on the other hand, the theory’ of per- 
meability has begun to take a quantitative form. We believe that 
we may now definitely claim that permeability studies have 
passed beyond the preliminary exploratory stage, and have 
reached the stage at which quantitative analysis is of dominant 
importance. This first attempt at such analysis will, we hope, 
merely be the precursor of a more exact study. 

As J.Loeb complained many years ago, obscure or inexplicable 
phenomena in biology are fashionably brought into the currency 
of ‘‘knowledge’’ by w^ay of the philosophers’ stone “a change 
in permeability”. When to this the more modern elixir of “sur- 
face action” is added, night unto night sheweth knowledge. 
Such speculations serve a useful purpose in giving an apparent 
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coherence to scattered and isolated observations, so encouraging 
the collection of more facts. But the sooner superficialities are 
replaced by a detailed understanding of underlying mechanisms, 
the better for science. We hope that this book will assist in defining 
what can, and what cannot, be done by the cell membrane, by 
‘'surface action” and by “changes of permeability’’. We have not 
included a chapter on monolayers, etc., since the books of Adam 
and Rideal are a much more adequate introduction to the 
necessary fundamentals of surface chemistry than we could hope 
to provide. 

We wish particularly to thank the many friends who have 
helped us, both by friendly criticism and by providing us with 
laboratory facilities to carry out our studies — Professor J. C. 
Drummond, Professor A. Hill, Professor C. Lovatt Evans, 
Professor Sir Frederick Gowland Hopkins, and Dr J. Needham in 
England; and Professor E.N. Harvey, Professor M.H. Jacobs and 
Dr E. Ponder in America. We have also, at various times, been 
assisted by the advice and criticism of Professor J. D. Bernal, 
Dr A. G. Burton, Professor R. Collander, Dr L.H.N. Cooper, Dr 
S. L. Cowan, Dr H. J. Curtis, Dr C. Goodeve, Professor R. Hober, 
Professor D. Keilin, Dr M. Maizels, Dr D. Mazia, Professor W. J.V. 
Osterhout, Dr A. K. Parpart, Dr J. H. Quastel, Dr F.J.W. Rough-- 
ton, Dr H. Shapiro, Dr J. H. Schulman, Mr F.J.Turton, Dr W. 
Wilbrandt. No one mentioned here, however, do we wish to 
burden with responsibility for any views advanced in this book, 
except where expressly stated. 

We are also indebted to Mr J. F. Danielli, Senr., who read the 
proofs, to Dr A. Neuberger, who read part of the proofs, to Dr 
W. A. H. Rushton, who read the proofs of Chapter xv, and to 
Mrs Mary Danielli for assistance with the manuscript, proof and 
index. 

The tardiness of communications, due to thew^ar, has prevented 
full discussion of some points, so that responsibility for the view^s 
advanced in the individual chapters must be mainly borne by one 
or the other of us. 

H. DAYS ON 

Department of Physidog}, Dalhousie 
Unkersitjj Halifax^ Canada. 

J. F. DANIELLI 

Bmchmmal Lahmatoiy, Cambridge, 

England. 
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CHAPTER I 


SIGMFICAXCE OF PERMEABILITY STUDIES 

The distinction between the interior of a cell and the medium 
which surrounds it is maintained by a membrane about one 
millionth of a centimetre in thickness. Continued existence of the 
cell is dependent on the ability of this membrane, to permit 
passage of some substances and prevent that of others. For the 
more complex organisms other membranes become essential, such 
as those of the blood capillary, the glomerulus of the kidney, the 
blood-brain barrier, etc. The study of these various membranes 
is a basic branch of physiolog\\ From its study information of 
two kinds is obtainable: (1; knowledge of the structure of the 
membranes; knowledge of part of the mechanism whereby 
living bodies maintain their composition and ability to function. 
By measuring the permeability of cells to various substances we 
obtain information which enables us to predict the relative rates at 
which various types of molecules will penetrate into cells. Then, 
confronted tvith, say, a group of drugs, we should be able to 
predict that some will penetrate rapidly into cells and others very 
slowly, if at all. Thus we are able to define an important group of 
drugs whose action must be on the surface of cells, since they do 
not penetrate sufficiently rapidly to produce their action on the 
interior of cells. A similar problem arises with metabolites. It 
will be our task here to analyse experimental observations of 
permeability so that a straightfonvard answer may be given to 
such practical questions. In doing so we find that substances 
fall roughly into two main groups: {a) substances which diffuse 
according to the laws of thermodynamics, only from a region of 
higher to one of lower concentration,* so that in the final equili- 
brium condition the substance is in the same concentration on 
both sides of the membrane; {b) cases where the laws of thermo- 
dynamics are apparently broken and molecules accumulate on 
one side of a membrane, in excess of the amount on the other side. 

* To be exact we should write chemical poteniial, not concentration. According to 
the Second Law of Thermodynamics a substance diffuses from a region of 
higher to a r^on of lower chemical potential. In biological systems concentra- 
tion is ttsuaUy proportional to chemical potential, and thus may be used instead. 
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As an example of this latter phenomenon may be taken the frog 
kidney tubule: the fluid entering the tubule from the glomerulus 
has approximately the same concentration of chloride ion as the 
blood plasma, but practically all of this chloride ion diffuses 
across the tubule membrane into the vascular system, against a 
concentration gradient, so that the urine is practically chloride 
free. As it is highly improbable that the Second Law of Thermo- 
dynamics is actually broken, we at once infer that in such cases 
the ceils concerned supply energy for the transport of molecules. 
Thus the two groups of molecules are really (a) those towards 
which the behaviour of the cell membrane is passive, and (b) those 
towards which it is active. The former group of substances is 
much the larger, and the details of the mechanism whereby these 
substances pass through the cell membrane are now fairly well 
known. The second, smaller, group of molecules, subject to 
secretory actiwty, accumulates in cells by mechanisms which are 
still almost completely unknown. It is very probable that the 
power of a cell to accumulate or excrete certain substances and 
not others, against a concentration gradient, is intimately con- 
nected with the structure of the membrane. The accumulation 
or excretion must, of course, also be connected with the special 
nature of the cell’s metabolic processes, and it is of fundamental 
importance to determine the nature of this metabolism. The 
problem of secretion, therefore, presents a problem to the specialist 
in ceil permeability as well as to the specialist in metabolism; the 
study of the nature of the membrane, running hand in hand with 
the study of the special nature of the metabolic processes involved 
in secretory activity, will eventually lead to the solution of many 
of the problems of secretion and growth. 

The connection between changes in cell membrane permeability 
and the function of the ceil is not clearly defined; however, some 
interesting correlations have been obtained. Definite changes in 
the rate of penetration of alkalies into marine eggs on fertilisation 
were established as long ago as 1911 by E.N.Harv^ey, and since 
then changes in permeability to water and certain dissolved 
solutes have also been established by various workers. Cyclical 
changes in the permeability of the developing egg, correlated with 
successive divisions, have been claimed to exist by Herlant (1918). 
O. Warburg, in a series of investigations on the oxygen con- 
sumption of cells, has shown that changes in the membrane are 
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often correlated with large changes in the oxygen consumpiion 
'lide Warburg, 1910;. Again, it has been shown that narcotic 
substances, i.e. substances which depress the metabolic activity of 
cells, will, in the same concentrations in which they exhibit this 
narcotic effect, also depress the permeability of certain cells to 
penetrating substances. But narcotic substances may also increase 
cell permeability and it has yet to be shown that there is, in fact, 
any direct functional relationship between permeability and 
narcotic action. Then again, it is believed that the contraction of a 
muscle fibre is a response to a transient increase in permeability 
of the fibre plasma membrane. But in most of these examples, as 
in the others which could be given, experimental evidence is 
slender and the theoretical basis tenuous. Consequently, in the 
following chapters, we shall deal mainly with experimental results 
and with membrane structure, while relationships with other 
physiological fields will be only roughly indicated. 

Now let us consider the precise meaning of the phrase per- 
meability of a membrane”. We can express this quantitatively as 
the amount of substance in gram mols penetrating in a given 
time. Obviously the area of the membrane will be important and 
also the concentration difference across the membrane. The unit 
of area most convenient for biological systems is the square micron, 
so that by '‘the permeability of a membrane to a substance” we 
refer to the net number of gram mols of that substance dirTusing 
through an area of one square micron of membrane in one 
second, per gram mol per litre concentration difference across 
the membrane. No reference is made to the thickness of the 
membrane in defining its permeability, but on the other hand the 
temperature has to be defined. Thus the prime variables which 
must be defined in experimental work are (1) time, (2) membrane 
area, (3) concentration difference across the membrane, (4) tem- 
perature, and (5) pressure. 

The area of the membrane available for diffusion is a quantity 
which in all permeability studies is equated to the geometrical 
area of the cell membrane, determined by microscopic examina- 
tion: this is done simply from lack of information regarding the 
detailed structure of most, if not all, ceil membranes. If the 
diffusion of the substance being studied is possible through all 
parts of the membrane, and if there are no submicroscopic con- 
volutions of the surface, then this procedure is justified- Suppose, 
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number in any given sample will represent the mean behaviour 
of the erythrocytes of a given animal with a considerable 
degree of accuracy. 

d It is a more robust ceil than are e.g. marine eggs, and it may 
be centrifuged at high speeds without serious damage (there 
are exceptions to this). 

£ For moderate volume changes it increases in volume without 
increasing in area, owing to its special shape, so that the 
equations describing the rates of penetration of a solute or 
water into the cell are much simplified. 

For these reasons a great deal of work has been done on this 
ceil, and furthermore that w'hich has been done is generally of a 
more quantitative nature than many studies on other cells. 

Methods of Measurement of Permeability, The various methods used 
may be separated into three groups: (1) those cases in which the 
amount of penetration is estimated by a direct chemical pro- 
cedure; (2^ cases in w^hich volume changes are studied by some 
physical measurement; (3) estimation of rates of penetration by 
spectroscopic methods. Of these groups, chemical methods only 
are wholly reliable, though usually tedious. Physical methods, 
w'hen used with discrimination, have many advantages technically, 
but are more apt to give misleading results. 

The Chemical Method. This is a direct method, w^hich, provided 
the chemical estimation is specific, is the one to be chosen 
whenever practicable. The substance to be -studied may be added 
directly to the w'hole blood, and after definite times samples of 
the blood may be removed, centrifuged, and either the cells or 
supernatant fluid analysed. Alternatively, samples of the cells 
may be added directly to a solution of the penetrating substance 
in Ringer or serum and later centrifuged down .and the cells or 
fluid analysed. 

Remarks. Suppose the substance is added to w'hole blood, and 
the serum is to be analysed. The presence of the penetrating 
substance causes a continuous change in the volume of the cells, 
and therefore a change in the concentration of the substance in 
the plasma due to water shifts^ apart from changes caused by 
penetration into the cells. These may be accounted for by 
haematocrite determinations (see p. 7), but this introduces a 
fairly large error. This difficulty may be overcome by estimating 
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the concentration inside the cells instead of that in the serum, 
provided all the cells in a given sample of the original blood are 
taken Davson, 1934}. Here, however, another objection is intro- 
duced; since it is impossible to exclude the plasma completely 
from the cells, a considerable error is introduced by the inclusion 
of quantities of serum, which contains a high concentration of the 
penetrating substance, with the cells. With slo^vly penetrating 
substances, however, this difficulty may be overcome by washing 
the cells with a Ringer's solution after the given times have elapsed. 
Davson has applied the method successfully to the penetration 
of potassium into the cat cell; in this case, if cells are suspended 
in isotonic KCl, potassium penetrates the ceils to cause a rise in 
the concentration of potassium from 30 to about 100 mgm. per 
100 ml. HoO in 1 hour. The interstitial KCl may then be re- 
moved by washing ^rith ice-cold XaCl. 

Other objections are the inaccuracy in the measurement of the 
times of the actual suspension of the cells, owing to the un- 
certainty in the evaluation of the actual time of suspension during 
centrifuging (this proves not to be very important} and also the 
necessity for centrifuging which may produce changes of itself 
Davson & Danielli, 1938). The method is, of course, not 
applicable to rapidly penetrating substances (see, however, 
Dirken & Mook, 1931 ; . 

Cryoscopic measurements of the changes in concentration of 
the serum may be made in place of the chemical determinations 
(Hedin, 1897}; this, however, considerably reduces the accuracy 
of the method. 

The Method of Measuring Volume Changes. If cells are placed in 
an isotonic Ringer’s solution to which the penetrating substance 
is added, they will first shrink, due to loss of water, and subse- 
quently swell, due to gain of water, as the substance enters the 
cells. The rate at which the swelling occurs will give a quantitative 
estimate of the rate of penetration of the substance considered. 
The measurement of the volume changes may be made by use of 
the haematocrite (e.g. Mond & Hoffmann, 1928), i.e. centrifuging 
a sample in a graduated tube and measuring the height of the 
column of cells, or by diffraction methods if the cells are fiirst 
converted to spheres (Ponder, 1934), or by the dispersion of light 
measured with a photo-electric cell (Orstov, 1933). The haemato- 
crite is not a reliable instrument (Ponder, 1934) ; but the dispersion 
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of light seems to be a good index to the relative volume changes 
of the cells. 

Haemolysis Method. It has long been known that if a cell is placed 
in a solution of a penetrating non-electrolyte, it swells until it 
bursts, i.e. haeraolyses; the rate of 
haemoh^is may be used as an index 
to the rate of penetration. This method 
was first used by Griyns (1896) and 
is now widely used for non-electrol>i:e 
studies. The degree of haemolysis is 
usually measured by an optical method 
based on the change in the degree of 
scattering of light by a suspension of 
cells, after the bursting of the latter. 

Thus if we mix one drop of blood with 
25 ml. of an isotonic solution of a pene- 
trating non-electrolyte, e.g. 0*33 M 
glycerol, in a boiling tube, it is found 
that on holding the tube in front of 
a luminous filament, or other bright 



body, the latter cannot at first be seen : 
as haemolysis proceeds the suspension 
becomes less opaque, until at the stage 
when about 75 haemolysis has oc- 
curred the filament becomes distinctly 
visible. 



Lamp 


Fig. L Diagram of apparatus 
used by Jacobs for detem 
percentage of haemolysis. 


This principle has been utilised by Jacobs (1930), who describes 


a method in which the minimum depth of a suspension of 


erythrocytes necessary^ to prevent perception of a glowing filament 


is observ'ed- The filament is at standard brightness. As haemolysis 
proceeds, the light-transmitting powers of the suspension improve, 
and the minimum depth increases. The time course of the change 
in depth is recorded on a kymograph. Alternatively, the instru- 


ment may be set so that when the filament is just visible a knowm 
degree of haemolysis has occurred; the time required for this to 
occur is used as an index to the rate of penetration of the non- 
electrolyte (Fig. 1). 


We have already seen that a given erythrocyte can swell up 
to a certain size, and will then haemolyse. But not all erythrocytes 
haemoh'se at the same tonicity. Fig. 2 show^s the percentage of 
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haemolysis of ox erythrocytes after 1 hour in XaCi of various 
concentrations. Jacobs (1932’ has worked out the relationships 
between the permeability to water, the osmotic concentrations 
inside and outside the cell, and the time required to reach a given 
degree of haemolysis (see Chapter iv > . From this the permeability 
constant to water may be calculated by observing the time 
required to reach, say, 75 haemolysis in either water or 
hypotonic solutions of non-penetrating substances, such as XaCl 
or sucrose. 



Fig. 2. Percentage haemolysis of ox enihrocytes, plotted against tonicity 
'after Jacobs 6c Parpart, 1^31 . 


Where substances other than water are concerned the situation 
is more complicated, since the penetrating solute and water are 
penetrating simultaneously. Jacobs (1934‘; has discussed this in 
some detail, and has evolved a system whereby, if the value of 
the permeability, to water is known, it is sufficient to determine 
the ratio of the time taken in reaching a given percentage 
of haemolysis in isotonic solute to that taken in water. Then 
the corresponding value of P^lPw is read off from a graph, 
and, since P^, is known, P^, the permeability to the solute, can 
be calculated. - 

However, most workers seem to have found it sufficient to use 
the times for the cells to reach a given degree of haemolysis, say 
75 % , as a measure of the relative rates of penetration of different 
substances. This is only accurate for times of haemolysis in excess 
of 1 min. 
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Remarks. The method involves a decrease in the electrolyte 
content of the medium surrounding the cell, since, if the con- 
centration of electrolytes is equal on both sides of the membrane 
(or greater outside than the concentration at which hypotonic 
haemolysis begins), no haemolysis occurs when a substance 
penetrates from a suspension medium. Thus Hober & Orskov 
(1933) use a concentration of OT % NaCl and Jacobs & Parpart 
(e.g. 1931) simply add one drop of blood to 25 ml. of non- 
electrolyte solution. Jacobs has found that under these conditions 
it is difficult to control the of the cell suspension, and Davson 
has found that under these conditions the cells may be abnormal 
in that they are permeable to cations before haemolysis occurs. 
Both these factors introduce errors into the calculated permeability 
constants. 

The necessity for distinguishing between a change in the actual 
rate at which a substance penetrates the cell and a change in the 
equilibrium conditions between the cell and its environment will 
be emphasised in Chapter ni ; in applying an indirect method of 
measuring permeability such as this, where no chemical deter- 
minations whatsoever are carried out, it becomes even more 
essential to bear this in mind. The point is best illustrated by some 
work of Jacobs & Parpart (1932), who found that urethanes 
markedly reduce the amount of haemolysis finally attained in 
hypotonic salt solutions; a suspension of erythrocytes in 0-08 Af 
NaCl which was 75% haemolysed in 20 sec. required 120 sec. to 
reach the same degree of haemolysis in 0-08 M NaCl + 0*008 M 
phenyl urethane. Now phenyl urethane in 0-008 M solution is 
capable of changing the time for haemolysis by less than 0*1 sec. 
by direct osmotic effect, i.e. if replaced by an osmotically equi- 
valent amount of NaCl, the time to reach 75 % haemolysis would 
be changed by less than 0*1 sec. Some authors have therefore 
concluded that the action of urethane is to decrease the cell 
permeability to water, and thus increase the time for reaching 
75% haemolysis. But Jacobs & Parpart showed that the effect 
on permeability is comparatively small, and the major action of 
urethanes is to change the ceU in some w^ay, so that the total 
amount of water which must enter before haemolysis can take 
place is markedly increased. To make a correct comparison of the 
relative rates of penetration of water in the presence of various 
substances "which affect permeability, it is necessary to follow the 
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time course of the percentage of haemolysis and correct for any 
changes which occur in the total amount of haemolysis, before 
calculating relative rates of penetration. 

Fragility Changes. By fragility is meant the reciprocal of the 
dilution of the isotonic medium surrounding the cells required to 
produce a given degree of haemolysis. This will depend, other 
things being equal, on the concentration of osmotically active 
substances in the cell, so that if a substance has penetrated it ^vill 
increase the fragility. By measuring the dilution of the initial 
isotonic concentration required to produce a given degree of 
haemolysis, approximations to the amount of the substance which 
has entered the cell can be made. 

Remarks. The method is only applicable to slowly penetrating 
substances, and the fragility is directly dependent on pH, Oo- 
tension and temperature, which must be accurately controlled. 
The permeability may be measured under physiological conditions 
and adsorption at the surface does not interfere with the results. 

Changes in the Haemoglobin in the Cells. The classical example of 
the application of this method is the work of Hartridge & 
Roughton (1927) on the penetration of CO and Oo into the cells, 
these gases causing changes in the light absorption of Hb (haemo- 
globin . In order to measure changes which occur in less than 
1 50th of a second, the following method is used. 

A solution of 1 XaCl, saturated with air at barometric 
pressure, is mixed in a special chamber Hartridge & Roughton, 
1923) with a suspension of oxygen-free sheep erythrocytes in 

1 % NaCl. The mixed suspension leaves the chamber and flows 
at a known rate through an obser\’ation tube, through which 
determinations of the percentage of HbOo were made at various 
distances along the tube. Knowing the rate of flow', the total 
gas-combining power of the Hb in the cells and the amount of 

0 2 in the suspension at the beginning of the experiment, the rate 
of combination of the Og with the haemoglobin may be deter- 
mined, and, derivatively, the rate of penetration of the Og through 
the erythrocyte membrane. Thus the principle of the method is 
to convert time intervals into intervals of distance which can be 
measured with any desired accuracy. 

Keilin & Mann (1941) have used the difference between the 
absorption spectra of acid and alkaline methaemoglobin to study 
permeability to anions. 
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Electrical Methods, These methods are based on {a) changes in 
the conductivity of the medium surrounding the cell due to 
leakage of electrolytes from the cell, {b) changes in the conductivity 
of a suspension of cells due to a change in their volume, {c) changes 
in the capacity or impedance of the cells due to a change in the 
membrane, {a) has been applied by Joel (1915) to suspensions 
of erythrocytes, {c) most notably by Fricke (1934), Fricke & 
Curtis (1935) and Cole & Curtis (1938). So far these methods, have 
been of little value for any cells except for the large changes in per- 
meability studied by Osterhout (1922) and Cole & Curtis (1938), 

Arbacia punctulaia. The unfertilised eggs of Arhacia pmctulata are. 
almost perfect spheres, about 70/x, in diameter. When shrinking 
or swelling in hypertonic or hypotonic sea water, the eggs swell 
uniformly, simply changing their diameter. Volume changes in 
these eggs are very easily followed by a variety of physical methods. 

If treated carefully the eggs as shed from the ovaries will 
withstand the necessary minimum of handling. Their chief dis- 
advantage is that they are only available for a month or two of 
the year. 

Methods. The simplest method is to observe changes in the 
diameter when the eggs are placed in solutions containing pene- 
trating substances. For example, the permeability to water may 
be calculated from the rate of shrinkage in hypertonic, or swelling 
in hypotonic saline (McCutcheon & Lucke, 1928; Northrop, 
1927 a, b\ Jacobs, 1927). Then, if we wish to obtain the per- 
meability to substances other than water (e.g. ethylene glycol), 
e^, initially in sea water, are placed in sea water made hypertonic 
by addition of glycol; the eggs shrink as water moves out of the 
cell into the h\p>ertonic solution. Ethylene glycol penetrates 
slowly into the cell and raises the tonicity of the cell interior, 
causing water to enter again, so that after some time the glycol 
is in equal concentrations inside and outside the cell, and the 
ceil volume is restored to its original value. Under such conditions, 
then, the cell volume passes through a definite minimum. Jacobs 
& Stew^art (1932) have shown that from the time at which this 
minimum is reached, the ratio of the rates of the penetration of 
water and glycol can be calculated, so that if we know the rate of 
penetration of water, we can calculate that of glycol. 

Jacobs (1933) has given a more accurate treatment, taking into 
account changes in volume and cell surface area, which were 
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neglected in earlier work. This method of Jacobs is undoubtedly 
the best yet obtained. The permeability constants for water and 
for a second penetrating solute may be calculated by obsening 
"a] the time at which the minimum volume is reached, {h, the 
value of the minimum volume, and consulting graphs drawn up 
by Jacobs. Hunter, using Jacobs’ equation, has made calculations 
for the case where cells, added to an isotonic solution, swell from 
the beginning, so that the minimum volume method camioi be used. 

The simplest w ay of measuring the changes in cell volume in 
these methods is to use the filar ocular micrometer, by which 
the diameter of the egg is measured directly. Alternatively, a 
diffraction method, due to Lucke et at. (1935,, is available. A 
narrow parallel beam of monochromatic light is passed through 
a chamber containing a suspension of eggs, and the beam observed 
in a microscope. On either side of the main beam diffraction lines 
are found. The distance between these bands and the central 
beam is proportional to the diameter of the eggs. Consequently, 
changes in cell volume displace the position of the bands, and 
from these displacements the changes in cell volume may be 
calculated. 

Plant Cells, etc. The cells of plants, such as Elodea, of yeasts and 
of bacteria have the great advantages of being readily available 
at most seasons of the year and of being fairly resistant to experi- 
mental treatment. Yeast and bacteria can often be obtained in 
suspensions of cells of fairly uniform size, so that it is possible 
to use large numbers of cells for each observation, as is the case 
^vith red cells. With plant ceils, unless individual ceils are used, 
it is usually only possible to make qualitative obser\'ations. Even 
when individual cells are studied, the shape of the cells imposes 
limitations on the use of physical methods, while chemical 
methods cannot be used because of the small size of the ceils. 
Exceptions to this general rule are large cells, such as those of 
Char a ceratophylla, Valonia and Mtella, which are sufficiently large 
for accurate chemical measurements to be made on a single cell. 
These cells contain a large central vacuole, occupying most of 
the volume of the cell, and the protoplasm exists as a com- 
paratively thin shell just inside the cellulose wall. Penetrating 
substances are usually estimated in the sap of the central vacuole, 
so that when such cells are discussed the term permeability 
frequently refers to passage of molecules not merely through the 
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external plasma membrane, but also through the protoplasm and 
the interior vacuolar membrane, which probably closely resembles 
the plasma membrane. 

The plasmolysis method is that which was most widely used 
for plant cells during the last century, and it is on the basis of 
measurements using this method that Overton (1895, 1900) was 
able to make his important generalisation known as the lipoid 
theory of permeability. If the osmotic pressure outside a plant 
cell is increased, water is withdrawn from the latter, and the 
protoplast, in consequence of the decrease in tension inside the 
cell, is detached from the cellulose w^all (Fig. 4), i.e. the cell 
plasmolyses (Pringsheim, 1854). This process is easily observable 
under the microscope. If the osmotic pressure outside the cell has 
been raised by addition of a non-penetrating substance, the state 
of plasmolysis should be permanent; on the other hand, if the 
substance added w^as able to penetrate the cells, diffusion would 
occur until the original osmotic relations between the cell and its 
surroundings w’ere re-established, so that the protoplast would 
return to its original position. The time required for this de- 
plasmolysis will be a rough measure of the rate of penetration of 
the substance added : if the latter penetrated very rapidly indeed 
the osmotic adjustments would not be brought about by appreciable 
movement of w'ater out of the cell, so that the phenomenon of 
plasmolysis would not be observable. 

Muscle and Nerte, Although their permeability should be of 
great interest, little wwk has been done on the cells of these tissues, 
and none of that published is quantitative. Fenn (1936) and 
Eggieton et al. {1937} have showm that CF does not normally 
enter resting muscle ceils. This observ’^ation provides the basis for 
a method for obtaining quantitative results on muscle. If a muscle 
is perfused with a slowly penetrating solute, the first thing that 
happens is that the solute passes through the capillary membrane 
into the interstitial spaces, fairly rapidly saturating the volume 
into w'hich chloride ions penetrate. Penetration into the muscle 
fibres is much slower. Thus after perfusion for a moderate length 
of time, there will be sufficient solute to saturate the chloride 
space, and also some solute in the muscle fibres. If we estimate 
{dj the amount of chloride space, {b) the total solute in the muscle, 
then the excess of solute over that required to saturate the chloride 
space must have penetrated the fibres. By estimating the rate of 
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increase of this excess we can obtain permeability constants for 
the muscle cells. It is possible that a similar method may be 
applicable to nerve, but in the case of medullated nerve, inter- 
pretation of results may be ambiguous, owing to the dilEcuity of 
distinguishing between the effect of the medullating sheath and 
the plasma membrane. 

Group II. Complex Membranes 

Inanimate Membranes. C. M. Yonge has used chitin membranes, 
tying the membrane across the opening in a tube, so that the rate 
of diffusion into and out of the tube is measured. These membranes 
consist of a thin layer of lipoid superimposed on a porous chitin 
shell. They are unusually resistant to experimental damage. The 
shells of grasshopper eggs and of turtle eggs have also been the 
subject of interesting studies. 

Frog Skin. Frog skin has been the subject of extensive studies, 
many of which are of little significance, since they were made on 
moribund or partly moribund tissue. It is probable that if the 
natural circulatory system cannot be maintained, the skin should 
for most purposes be perfused with a fluid of composition and 
colloid osmotic pressure which at least approximately correspond 
to those of frog blood. Soaking in Ringer’s, for example, results in 
dilatation of the capillaries, to a diameter which may be t\\ice or 
more than twice that of the normal. The permeability of such 
dilated capillaries is quite different from those of normal tissue. 
The melanophores are often contracted to a quite abnormal degree, 
and no doubt there are many other changes, which are less 
obvious, but equally important to the student of normal tissue. 
Even when properly treated, the results obtained on frog skin 
may well prove difficult to interpret, since the tissue consists of 
many layers of cells of diverse type and function. 

The methods used up to the present usually involve clamping 
a section of frog skin betM'een two tubes and then measuring 
either the potential difference across the skin, or the movement 
of substances from one tube to another. 

Capillaries. Microscopic examination in the hands of such 
pioneers as Lewis and Krogh has provided the qualitative in- 
fqrmation which was necessary before a quantitative study could 
be made. Drinker (1927) has developed a semi-quantitative 
method for observing the web of the frog’s foot. The tissue is 
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perfused through the femoral artery and a microscope is focused 
on the surface of the web. The rate of swelling of the web is 
proportional to the rate at which fluid moves out of the capillary, 
i.e. it is more or less proportional to the permeability of the 
capillary wail. As the w^eb swells, its upper surface is raised, and 
the microscope must be adjusted to bring the web surface into 
focus. The time variation of the microscope focus gives a rough 
measure of the permeability of the capillaries. 

Lewis & Grant (1925) and Krogh et aL (1932) and others have 
used a quantitative method based on the measurement of volume 
changes, which gives directly the excess of the fluid passing 
through the capillary wail in the arterial end of the capillaries 
over that reabsorbed in the venous end of the capillaries. This is 
an excellent method, especially as it may be applied to human 
subjects.* Danielii (1940) has simply weighed a tissue at intervals 
during perfusion; the capillary permeability may be calculated 
from the change in weight with time. This method has the 
advantage of technical simplicity and speed, but is not applicable 
to all subjects, and the results must be interpreted with caution. 

The best method so far devised for accurate quantitative 
measurements of capillary permeability is that of Landis (1927). 
A single capillary is obser\"ed. At a suitable moment the capillary 
is clamped, and attention focused on a red cell in the capillary 
proximal to the blockage. As fluid filters through the capillary 
wall under the arterial pressure, themed cell moves up tow^ards 
the blockage. From the rate of movement of the red cells and the 
dimensions of the capillary, the rate of filtration of fluid through 
the capillary can be calculated. The hydrostatic pressure in the 
capillary is determined by micro-cannulation, and with this 
information the permeability^ of the capillary can be obtained in 
absolute units. It should be pointed out that in these measure- 
ments the permeability of the capillary membrane to all the 
diffusible constituents of blood plasma is being measured, as 
opposed to the permeability of a membrane to a single species 
of molecule. 

Kidney, etc. The kidney will be discussed in a separate 
chapter (xx). Other complex membranes, such as those of the 
intestine, etc., may be studied by isolating a loop of tissue, whilst 
maintaining the normal circulation. A solution containing the 
substance whose permeability is to be studied is placed in the 
♦ See Dale & Richards (1918) with regard to the technique for isolated limbs. 



MEMBRANE PERMEABILITY It 

loop, and absorption measured by analysing the material 
remaining in the loop after various times. 

This method has been criticised by Cori 1925 , on the grounds 
that isolation of a loop of intestine can upset its normal meta- 
bolism and so give illusory results: this author has worked out an 
extremely sound and reliable method of studying the absorption 
from the intestine in the intact animal by dividing a large number 
of rats into groups and taking the mean absorption from the 
intestines of each group, determined chemically after killing the 
animals, as a point on an absorption curve. Thus if fifty rats, 
divided into five groups of ten, are fed the same amount of 
glucose, after, say, 30 min. a group of ten rats is killed and the 
amount of glucose remaining in the intestines is determined. 
After a further period of time another group is killed, and so on. 
The results obtained in this way are remarkably consistent and 
it is unfortunate that this method is not more generally adopted. 

In connection with such tissues it is important to realise that 
an apparent dependence of movement of a substance on oxygen 
pressure or some other feature of metabolism does not necessarily 
mean that active processes are involved, transporting the substance 
across the membrane by some process other than simple diffusion. 
It may simply mean that the structure of the membranes con- 
cerned is itself intimately linked with metabolism, so that metabolic 
factors may cause a simple diffusion process to simulate an active 
secretory process . 

Use of Radio-Active Isotopes. Radio-active potassium, phosphorus, 
etc. should prove to be immensely useful in permeability studies. 
The chief restriction of their use is that at present small amounts 
of material only are available, but the amount of this type of 
work should increase greatly as more cyclotrons are installed. 
The method promises to be the most accurate and rapid available, 
tide e.g. Hahn et al, {1939), Brooks (1938, 1939^. 
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CHAPTER III 


EOJCILIBRIUM COXDITIOXS OF CELLS 

By H. Davson- 

Per ME ABILITY studics are essentially studies of ilie adjustment 
of the cell to changes from its normal equilibrium conditions; 
thus, if we are studying a cell in its normal environment, and to 
this emironment we add a new substance, or more of one of its 
constituents than normal, the equilibrium has been temporarily 
upset and the new position is re-established by the migration of 
molecules across the membrane. It is therefore necessary' to 
devote some space to a consideration of these equilibrium con- 
ditions, the more so in the case of the erythrocyte, which is 
extremely sensitive to changes of temperature, Oo-tension and 
salt content of its surrounding medium, etc.; neglect of changes 
in equilibrium conditions may lead to most erroneous conclusions 
relating to permeability. 

The discussion of equilibrium conditions is best begun by a few 
elementary considerations of the meaning of osmotic pressure. 

Suppose that into a large volume of an aqueous solution of 
some substance, say sugar, B, is introduced a small volume, .4, 
of a more concentrated solution of the same substance; after the 
lapse of a short time it is a matter of common experience that the 
sugar is no longer concentrated at A, but has become equally 
distributed all over j 5; this mixing being achie\'ed by the migration 
of the sugar molecules from A into B and also, and this is not 
always clearly recognised, by the migration of water molecules 
into A from B. If now A is enclosed with a membrane which is 
impermeable to sugar molecules, but permeable to water, it will 
be found that mixing will occur in these circumstances too, but 
only by the second mechanism discussed above, viz. by the 
migration of water molecules into A, If, how'ever, ^4 cannot 
increase in volume, then, of course, mixing will not occur, but the 
tendency of the water to mix with the sugar in A will be manifested 
by a pressure w^hich may be measured by insertion of a mano- 
meter into A, and this pressure is known as the osmotic pressure 
difference of the sugar solution (Fig. 3). More exactly defined, it 
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is the pressure which must be exerted on the cell A to prevent 
water entering it from B. Given the concentrations of sugar in 
A and B and the temperature, the osmotic pressure difference 
may be calculated from the formula 

P=RT{C^-Cs), ( 1 ) 

where osmotic pressure difference, 
i2=gas constant, 

C'= molar concentration.* 

The formula states that the osmotic pressure difference is 
determined by the difference between the number of molecules 
of solute in J and those in B per 
unit amount of solvent, and hence P 
that the osmotic pressure difference 
becomes zero when the two con- 
centrations become equal. It is to 
be noted that nothing is said in the 
formula about the nature of the 
molecules, so that if A contains 
glucose in a concentration of 1 mol 
per litre and B contains sucrose in 
the same concentration, and the 
membrane is impermeable to both 
these molecules, then there will be 
no difference of osmotic pressure 
between A and B. -r. « 

If the membrane around A is beha\uour of a semi-permeable 
elastic, mixing of water from B membrane (see text), 
with the solution in A ^vill be 

achieved by the penetration of water; in consequence the volume 
of J win increase and will continue to do so until the elastic 
tension in the membrane which opposes further expansion is just 
balanced by the difference in osmotic pressure. 

This difference of osmotic pressure will, of course, be smaller 
than the original difference, since the solution in A has been 
diluted by the passage of water from B; if the membrane were 

* For simpliciw we have dealt with concentrations, not activities, of the 
components of a system. Strictly speaking, activities should be used, not 
concentrations, in the following discussion. 
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deficient in tensile strength one can imagine the possibiiiiy tliat 
it would burst before the equilibrium condition defined abo\e 
were achieved. 

It is now evident that A may adapt itself to an osmotic pressure 
difierence between its own fluid and that in B in two ways. 
First, by structural resistance to an increase in volume which 
opposes the tendency for water to migrate into A. and secondly, 
by a reduction of the osmotic pressure difference, \';hich is 
achieved by allowing water to penetrate, thereby diluting the 
solution within it. 

In dealing with the osmotic properties of solutions of electro- 
lytes two points must be borne in mind: first, that electrolytes 
dissociate in aqueous solution into ions, and that each ion in 
dilute solution is osmotically equivalent to an undissociated 
molecule; hence 1 M XaCi has roughly the same osmotic pressure 
as 2 M glucose, and 1 M KoSO^ has roughly the same osmotic 
pressure as 3M glucose. Secondly, it is only necessary for a 
membrane to be impermeable to a single species of ion, i.e. a 
cation or an anion, for it to be impermeable to the salt of which 
this ion is a part. Thus if A in Fig. 3 contains XaCl solution and 
B KCl, and the membrane is impermeable to positive ions, i.e. 
Xa" and K~, no diffusion of salt from one side of the membrane 
to the other can occur: chloride ions can of course pass across 
the membrane, but the passage of one from J to B must be 
associated, on the average, with the passage of one from B to A 
to maintain electrical neutrality, so that there is no passage of 
salt across the membrane. This point is important, as it is found 
that the impermeability of many biological membranes to salts 
is achieved by this form of specific ionic permeability. 

Bearing these points in mind, two simple biolo.gical systems 
may now be approached. First, a typical plant cell bathed in a 
large volume of salt solution may be considered. This will consist 
(Fig. 4 (a ) ) of the cellulose wall, a rigid structure which is permeable 
to both salts and to w^ater; the protoplast, which is lined with a 
non-rigid plasma membrane and consists of fluid or semi-fluid 
material; and finally, the central vacuole full of sap, consisting 
essentially of a salt solution. Since the plasma membrane of the 
protoplast may be considered as being salt impermeable, it is 
clear that we have a system similar to that in Fig. 3; the sap 
represents the contents of A; the protoplast, although complex, 
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may be represented as a single membrane, and the surrounding 
salt solution can be considered as the fluid B, 

If the concentration of the surrounding salt solution is less than 
that in the sap, there will be a difference of osmotic pressure 
tending to drive water into the cell; this tendency will be resisted, 
however, by the structural rigidity of the cellulose w^all and 
therefore very little, if any, increase in volume of the sap will 
be observed. If, on the other hand, the concentration of the 
surrounding fluid is increased above that in the sap, water will 
pass out of the cell, the volume of the sap will diminish and the 
protoplast will detach itself from the cellulose wall (Fig. 4 (^>) ). The 
space between the protoplast and the cellulose wall, formed thus, 




FiG. 4. Plant cell in (a) hypotonic saline, {b) hypertonic saline (plasmolysed). 

is filled with fluid; the condition at equilibrium will be that the 
vacuole has lost sufficient water to bring its concentration up to 
that of the surrounding fluid. Thus in the former instance the 
adaptation consisted exclusively in the exertion of a structural 
resistance to an increase in volume, whilst in the latter case the 
adaptation was brought about by the migration of water from 
the sap to the surrounding fluid until the concentration of 
dissolved substances in the sap w^as made equal to that in the 
surrounding fluid. The phenomenon of the detachment of the 
protoplast accompanied by a shrinkage of the sap space is known 
as plasmolysis. 

Suppose now’ the solution outside the cell is made hypertonic, 
i.e. its concentration greater than in the sap, by the addition of 
a substance w^hich penetrates the cell slowly in comparison with 
the rate of migration of water. In this instance, the tendency for 
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osmotic pressures to equalise can be gratified in two ways, iirsi, 
by the passage of water out of the cell, and secondly, by the 
passage of the added substance into the cell. The passage of \vater 
out will cause piasmolysis and a temporary equilibrium will be 
achieved with roughly equal osmolar concentrations on each side 
of the membrane. However, the added substance can penetrate 
the cell, and as it does so it increases the osmotic pressure inside 
the cell, thereby causing water to penetrate also, and this process 
will go on until the sap volume has increased to its original value. 
Consequently, under these conditions, addition of a penetrating 
substance to the surrounding medium causes first piasmolysis and 
then recover^’, the latter being known 
as de-plasmolysis. If the rate of pene- 
tration of the added substance is 
sufficiently large in comparison with 
that of water, it can happen that 
equality of concentration on each 
side of the membrane is achieved 
almost exclusively by migration of 
the substance across the membrane, 
so that the passage of water in the 
opposite direction is negligible; in 
this event the addition will not cause illustrating 

, , . equilibria m tLe red ce... 

piasmolysis. 

Passing now to the second biological system, let us consider the 
erythrocyte. For the moment its ionic contents and those of its 
surrounding fluid may be considered simply as in Fig. 5. The 
membrane is permeable to anions but not to cations, hence it may 
be said that the membrane is impermeable to salts, since no 
transfer of NaCi or KCl is possible. If the concentration of NaCl 
is reduced, a difference of osmotic pressure will be produced and 
water will tend to pass into the cell; since the erythrocyte can 
increase in volume, water wall actually pass into it, and the 
position of equilibrium will be given by the condition that the 
osmotic forces are balanced by the elastic forces in the membrane. 
Now, as the elastic tension which the erythrocyte membrane can 
opp>ose to osmotic forces is to all intents and purposes 2 ero, the 
position of equilibrium mil be given only when AF 0, i.e. when 
equality of osmotic pressure on each side of the membrane occurs, 
this equality being achieved by the passage of water into the cell, 


Hb”“ 

K-^ Na-^ 

cr cr 
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which dilutes its contents. If the NaCl concentration is reduced 
to 0 * 1 0 . 1/5 it is found that the cell can accommodate the water 
required for this neutralisation of osmotic pressure; if the NaCl 
concentration is reduced much below this value, say to 0-08 M, 
it is found that the capacity of the cell is insufficient for the water 
necessary to reduce the concentration of KCl in the cell to 0*08 A/ 
and consequently the cell bursts, i.e. haemolysis takes place. 
Hence we see that the erythrocyte’s only way of adapting itself 
to a reduced osmotic concentration of salts outside it is to swell 
until the concentrations on both sides of the membrane are equal; 
unlike the plant cell it can offer practically no structural resistance 
to the osmotic forces. In hypertonic solutions of NaCl the 
levelling out of the osmotic forces will of course be achieved by 
the shrinking of the cell. 

We have already seen that the conditions for osmotic equilibrium 
across a membrane are independent of the nature of the molecules 
on either side so long as the membrane is impermeable to them; 
thus if the XaCl is replaced Muth 0*33 A/ glucose to which the 
erythrocyte is impermeable, there will be osmotic equilibrium and 
no passage of water will occur; if, however, the cell is placed in an 
isotonic solution of glycerol, wffich can penetrate the membrane, 
we shall have initially the same osmotic pressure on both sides 
of the membrane; but in this case the mixing tendency of glycerol 
with the cell contents can be gratified and glycerol will therefore 
pass into the cell. In so doing it raises the osmotic pressure of the 
cell contents, w*ater passes in to reduce the osmotic pressure, and 
it will be clear from Fig. 6 that no stable osmotic equilibrium can 
be achieved until the cell bursts and allow’S the KCl to escape, 
since as fast as glycerol penetrates the cell its concentration is 
reduced by the simultaneous penetration of w^ater. Hence placing 
the erythrocyte in a pure solution of a penetrating substance will 
cause haemolysis. 

If the erythrocyte is placed in isotonic NaCl to which has been 
added glycerol in a concentration of say 0*1 A/, the cell will at 
first shrink, owing to the excess of osmotic material outside it. 
Then, as glycerol penetrates, it will regain its original volume — 
but in these circumstances it wiU not swell up and burst, since 
an equilibrium position, in which the osmotic pressures are equal 
and the glycerol is distributed in equal concentration on both sides 
of the membrane, can be achieved (Fig. 7), wffiilst in the case of 
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the cell suspended in a pure solution of isotonic glycerol widiout 
added salts this was not possible. The proportions of XaCi and 
penetrating substance in the solution surrounding the cell 
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Glycerol 0*33 M Glycerol 0-33 M Glycerol 0-33 M 

Fig. 0, The swelling of a red cell in isotonic giyceroL \a The cell has been 
placed in 0*33 A/ glycerol, (b) Imagine that the glycerol has achieved osmotic 
equilibrium and that no water has yet entered the cell. The difference in con- 
centration is equivalent to 0*165 *I/KC1. \c Imagine that HgO has migrated 
until the KCl concentration is «>06.U; at this stage the cell is ready to burst 
and \\e note that there is still a difference in concentration «j‘06.\/ , sirxe 
more glycerol has penetrated with the water. 



isotonic XaCi 
-Aiih added giyceroi 

Fig. Shrinking of a red ceil followed by swelling when glycerol is added 
to isotonic saline. 

necessary to maintain the cell intact will be determined by the 
amount of water which the cell can take up. Thus if OTOT/ XaCl 
+ 0*065 M glycerol is the suspension medium for the cell, the 
equilibrium position will be as in Fig. 7, i.e. the system will be 
stable, since the cell can in general take up enough water to 
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reduce the concentration of salts inside it to 0*10 M. However, 
if the concentration of NaCl were 0*08 M or less, the cell would 
be unable to take up the necessary water and so haemolysis would 
occur; the rate at which the haemolysis occurred would be pro- 
portional to the rate of penetration of the glycerol. The limiting 
concentration of NaCl or other non-penetrating substance in the 
mixture below which haemolysis occurs will be given by the 
critical haemolytic concentration of the cell. 

In this discussion of the osmotic properties of the erythrocyte 
attention has been confined to a single cell ; in actuality, of course, 
a single cell is only rarely studied and in general many millions 
of ceils are used for a single measurement. If a sample of erythro- 
cytes is taken and placed in a NaCl solution whose concentration 
is now gradually reduced, it will be found that at a certain 
concentration of the NaCl some of the cells will haemolyse whilst 
the remaining ones will still be intact; as the concentration of 
NaCl is further reduced more cells will haemolyse until eventually 
all will have done so. If the degree of haemolysis is plotted against 
the concentration of NaCl we obtain a ^‘Percentage Haemolysis 
Cur\’e’* Tig. 2 . It has already been seen that the rate at which 
a cell swells when a substance is penetrating it could possibly be 
used as an index to the rate of penetration of the substance; now 
it is not easy to measure the swelling of a single erythrocyte, but 
it is easy to measure the degree of haemolysis, i.e. the percentage 
of cells which have burst, of a cell suspension containing many 
cells. Consequently, a suspension of cells is looked upon as a 
single cell in many permeability studies, so that if, under given 
conditions of the penetration of water, for example, a certain 
degree of haemolysis is observ^ed to occur in time t, the latter is 
looked upon mathematically as the time required for a certain 
amount of water to enter this single hypothetical ceU. Thus, if 
erythroc\i;es are placed in a strongly hypotonic NaCl solution, 
e.g. 0*64 M NaCl, and the degree of haemolysis is measured at 
definite interv^als, a rate of haemolysis curve may be plotted as 
in Fig. 8, and from this curve, on the basis of certain assumptions 
which need not be entered into, the rate of penetration of w^ater 
into the erythrocyte may be measured. It should be recognised 
clearly that the rate at which a certain degree of haemolysis is 
attained depends not only on the rate of penetration of the water 
but also on the amoimt of water which the individual erythrocytes 
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can accommodate without bursting, so that if a comparison is to 
be made between the rates of penetration of water under two 
different sets of conditions, say in the presence or absence of a 
narcotic, one must make absolutely sure that there is no difference 
in this quantity of water which the erythrocyte can take up 
without bursting, i.e. the critical haemolytic volume, under the 
two conditions, or if there is, that allowance is made for it. 

Factors determining the nature of the percentage haemolysis 
curve /^Fig. 2; of the erythrocyte will be discussed more fully in 



Min ires 


Fig. 8. A typical ‘‘rate of haemolysis'' curve for red ceils in U M9.l/XaCi 
(after Jacobs &: Parpart, 1932 . 

the chapter on haemolysis, but there is one point which should be 
brought out here, since it forms the basis of a very^ neat method 
of measuring permeability. Other things being equal, it wall be 
obvious that the degree to which the concentration of salt 
surrounding the erythrocyte may be reduced, before the latter 
haemolyses, will be determined by the concentration of salts in it; 
thus, if an erythrocyte which contains 0-16o.V/ salts haemolyses in 
0*09 Af NaCl, an erythrocyte with exactly the same properties, 
but which contains 0-200 M salts, will haemolyse in 0-109 M NaCl ; 
consequently, if erythrocytes are suspended in a saline solution 
containing a penetrating substance and after various periods of 
time samples are removed and the concentrations of NaCl at 
which haemolysis occurs determined, it will be found that these 
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concentrations progressively increase as more and more of the 
penetrating substance enters the cells. The rate at which these 
changes occur will be a fair measure of the rate of penetration 
of the substance studied. 

There is an important condition regarding the distribution of 
ions across a membrane defined by the Gibbs-Donnan equilibrium. 
Let us consider the system showm in Fig. 9; The membrane, 
separates two aqueous solutions, (i) containing NaCl and the 
sodium salt of a protein, Xa~P~, and (ii) containing only Nad. 
The membrane is permeable to Na*^ and d”, but not to the 

Membrane 




P“ 

Na+ 

1 

1 

1 

A. 

T 

Na+ 

cr 


cr 


Fig. 9. Illustration of the Gibbs-Donnan equiHbriuin. The membrane, M, 
is permeable to all ions except P~. 

protein ions, P”. The problem is to find how the diffusible ions, 
Na"" and CP, will be distributed at equilibrium. Gibbs, and later 
Donnan, have shown that the products of the concentrations of 
the diffusible ions on each side of the membrane will be equal. 
If, for convenience, it is assumed that the volumes of solutions (i) 
and (ii are equal to unity and that the experimental conditions 
are such that they remain constant, and if, further, we designate 
the numbers of ions in the two volumes by Na^, 01^, P, Nag, Gig, 
the condition of equilibrium will be given by the equation : 


Na^ X Cli = Nag x CL . (2) 

Since and Na 2 = Cl 2 , it follows that 

Na^L T* Clj > Nag 4- Clg , 

or Nai4-Gli=:Na2 + Gl2 + ;2, (3) 


where n is equal to the number of excess ions on side (i) of the 
membrane. 
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This equation shows us that there wiil be a difference of 
osmotic pressure benveen the two solutions in virtue of the excess 
of ions in solution (ij over those in solution ii . Furthermore, 
on the side fi) there will be protein ions which will also exert an 
osmotic pressure. Hence the total number of osmotically active 
ions on side (ij will be Nao-fCU-h^ + P. 

On side (ii j there will be only Xuo -f Cl, . 

Hence the total difference of osmotic pressure between i and 
ii; will be given by [n -f Pj x J? x T; the direction being such as 
to drive water from (ii; to (i;. This difference of osmotic pressure 
is spoken of as the '‘Colloid Osmotic Pressure” of the protein 
solution. Since there must always be a difference of osmotic 
pressure between tw’o solutions ty'pified by (i) and (ii) in Fig. 9, 
it is clear that an equilibrium can only be established either by 
the passage of ail solution f iij into solution (i; or by the enclosure 
of solution (i; in a chamber capable of exerting a structural or 
hydrostatic resistance to the penetration of fluid. Thus if a protein 
NaCl solution is enclosed in a collodion sac, penneabie to XaCl 
but not to protein molecules, with a tube in the top and submerged 
in a solution of NaCl, it will be found that owing to the difference 
of osmotic pressure water will pass into the sac until the fluid has 
risen in the tube to a height which creates a hydrostatic force 
large enough to balance the osmotic force. 

The state of affairs envisaged in Fig. 9 is found in plasma and 
certain body fluids, where a protein-containing fluid, the plasma, 
is separated from a solution containing less protein by a mem- 
brane, the capillary endothelium, which is permeable to salts but 
relatively impermeable to the plasma proteins. In these circum- 
stances, the difference of osmotic pressure which tends to drive 
%vater from the tissue fluid into the plasma is counterbalanced by 
the hydrostatic pressure in the capillaries. 

Returning to equation (i), we find 

Nai/Nag = Glg/Cli = r, 
where r is greater than 1. 

Hence, with a system defined by Fig. 9, it will be found that 
not only is the osmotic pressure of (i) greater than that of (ii) but 
" that there will be in solution (i) an excess of Na above that in 
solution (ii) and a deficiency of Cl below^ that in the same 
solution. Van Slyke (1926) has calculated that the value of the 
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Oibbs-Donnan ratio, r, in the case of blood plasma and oedema 
fluid should be 1*04: a value which agreed fairly well with the 
experimental values of Loeb et aL (1922); similar relationships 
appear to hold in regard to the aqueous humour {vide e.g. 
Davson, 1939), ascitic fluid (Muntwyler et al. 1931) and possibly 
syno\ial fluid (Ropes et al. 1939). 

Passing now to the erythrocyte, | 


a few points which bear on perme- 
ability studies will be entered into: 
for an exhaustive treatment of the 

Inside | 

1 

Hb~ I 

Outside 

equilibria of the, erythrocyte rhe 
reader is referred to E.J. Warburg 
(1922^, \"an Slyke (1926) and Hen- 
derson (1928). Fig. 10 represents 
schematically the state of affairs in 
the inside and outside of the ery- 

Na+ 

H+ 


K- I 

H+ I 

throcyte; the protein content of the 
plasma is neglected and the small 
quantities of other cations than Na 

I 

Cl“ 

I 

cr 

in the plasma are also ignored. As 
we have seen, the cell membrane is 

I 

Hcor ^ 

HC 07 

permeable to anions and imperme- 
able to cations. The concentration 

OH" 

OH" 


of haemoglobin inside the cells is 1 

about 30 of their weight, a very | 

considerable amount in comparison diagram of equilibria 

With the protein contents of other between the red cell and saline, 
cells; the presence of this protein, 

which at physiological reaction dissociates as an acid, gives a 
system defined by the Gibbs-Donnan equilibrium, and may be 
expressed in relation to the diffusible anions thus : 

Cl, Cl, = (HC03),/(HG03), = 0H,/0H,=r, (4) 

where the suffixes i and o refer to the inside and outside of the 
cells respectively. The ratio, r, is under normal conditions about 
0 * 8 , so that if the chloride concentration in the plasma is OdOM 
the concentration in the cells will be 0-08 Af. The uneven dis- 
tribution of ions is, of course, dependent on the degree of ionisation 
of the haemoglobin; the more potassium haemoglobinate in the 
cells in relation to KCl and KHGO3, the smaller will be the value 
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of r, and consequently the lower the concentration of chloride in 
the cells. A failure to realise this point among other things led 
Moiid 1927; to his eiToneous claims regarding the reversal of 
ionic permeability at alkaline reaction, as will be seen later. 

Xow the most important consideration from the practical point 
of view of permeability is the following. The ionised haemoglobin 
in the cells is in the form of a polyvalent anion at physiological 
reaction, K^^Hb, so that one mole, say, of the K salt of haemo- 
globin, on dissociation into ions, will gi\'e — 1 Hb~. If the 
same quantity of K were bound as KCl or KHCO 3 , we should 
have / 2 K~ 4 -;zCi~ or wK'i-nHCOa, i.e. the total number of ions 
in the latter case would be larger; hence any influence of the cell 
environment which causes K,,Hb to be formed in place of KCi 
and KHGO 3 will decrease the total number of ions in the ceil and 
thereby reduce the osmotic pressure of its contents, causing the 
cell to shrink. Increased alkalinity, oxygen tension, and tem- 
perature will all tend to act in this way since they increase the 
amount of K^^Hb in the cells. Jacobs & Parpart 1931, have 
derived the following simple equation to express the dependence 
of the water content of the ceil, i.e. the degree of swelling, on the 
base bound by the haemoglobin : 

n"r-2R-l-F^’ 

where 11 ^ and III are the water contents of the cell under two 
conditions, e.g. of O^-tension or temperature; R is the ratio of 
base in the cells to haemoglobin; and F 2 are the amounts of 
base bound by unit volume of haemoglobin under the conditions 
corresponding to and ho- 

The formula has been submitted to experimental test by these 
authors in the case of the ox erythrocyte and a remarkably good 
agreement ^vith theory was found: however, an increasing amount 
of evidence is accumulating which tends to show that the effect 
of temperature, e.g., on the srwelling of the erythrocyte is not to be 
completely explained on the basis of an increased salt formation 
of haemoglobin at higher temperatures, as the simple treatment, 
exemplified by the above equation, would demand. Thus Jacobs 
et aL (1936) have shown that the shrinking of erythrocytes due 
to raising the temperature from 20° to 40° is in many species 
irreversible, so that the cells do not return to their original volume 
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on reducing the temperature to 20° again. Davson (1937) has 
shown that these changes are too rapid to be accounted for by 
an escape of cations from the cell at the higher temperature. 
Again, Ponder (1934) has argued repeatedly that the osmotic 
behaviour of the rabbit erythrocyte is not to be characterised by 
the simple theoretical treatment of Jacobs & Parpart, and this 
author postulates a variable escape of potassium from the erythro- 
cyte during swelling, which would account for some of the 
anomalies in its osmotic behaviour (Ponder & Robinson, 1934); 
here again, however, chemical determinations by Davson (1936) 
have failed to reveal losses of potassium of the order expected. 

Whatever the fundamental cause may be, it has to be re- 
membered by all students of the permeability of the erythrocyte 
that changes in the /H, 02 “tension and temperature may have 
considerable effects on the degree of swelling of the erythrocyte. 
It has been seen in Chapter n that the most commonly used 
techniques for studying permeability in the erythrocyte are based 
on rates of osmotic haemolysis, in general the time required for 
a given degree of haemolysis to occur being used as an index of 
this rate. The time required for this degree of haemolysis to occur 
will obviously depend, other things being equal, on the amount 
of water already- in the cell, and since we have already seen that 
this quantity is dependent on temperature, pYL and Og.- tension, 

is clear that these quantities must be rigidly controlled when 
using the haemoly-sis technique for measuring permeability. 

The ^'Hamburger Shift" \ This phenomenon, although not very 
important from a permeability point of view, may be briefly 
described, since adequate explanations are not always to be found 
in the physiology- texts. The “Hamburger Shift” consists in the 
migration of chloride into the ceils when the plasma is made acid 
with COg or some other acid, and the migration of HGO 3 from 
the cells to the plasma at the same time. Loss of COg or addition 
of alkali have the reverse effect. The presence of excess GOg in 
the plasma causes diffusion of this molecule into the cells; here 
the CO 2 unites with H 2 O in the presence of carbonic anhydrase 
(Meidrum & Roughton, 1933) to form H 2 GO 3 ; the latter unites 
with K,,Hb to give KHCO3, which, being a dissociated salt, 
increases the HGO 3 concentration in the cells. To establish 
equilibrium, some of the extra HGO 3 diffuse into the 

plasma, and as the membrane is permeable to anions only, this 
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must be achieved by the simultaneous movement of CF from 
plasma to cells. The reverse chain of processes will occur %vheii 
CO 2 is lost from the plasma. 

It may be argued that whilst the passage of HCO 3 from ceils 
to plasma satisfies the tendency for these ions to distribute them- 
selves in accordance with their equilibrium position, the passage 
of CF in the opposite direction will actually represent movement 
away from equilibrium. In actuality this is not so; the equilibrium 
position is given by 

Increasing the acidity will cause an increase in the value of r, the 
Gibbs-Donnan ratio, hence Cl,- must increase at the expense of 
Gif,, i.e. GF must penetrate the cells. 


TABLE I. The distribution of various ions between the 

INSIDE AND OUTSIDE OF A RED CELL AFTER DILUTION OF THE PLASMA 
WITEI ISOTONIC NON-ELECTROLYTE (JACOBS pARPARTy lt<33 


GI f;CI;, 
H, 


Dilution = 100-foId 

0- 972 

6- 97x10-5 

7- 51 X Kl-2 

1- OS X UP 
6-47 X 10-3 

<r 97 X 

1-Osx IM- 


Dilution = 1000-fold 

0- 853 
3-6Sx 10-5 
5-07 X 10-2 

1 - 37x103 
2'6Sx 10 “3 
3-6>x 
1-37X TP 


Tj. is the relative volume of the ceil, the initial volume being unity. The 
suffixes i and 0 refer to the inside and outside of the cell respectively. 


There is a special case obtaining when the ceil is suspended in 
a large volume of a non-electrolyte solution ; under these con- 
ditions there will be a large concentration difference of GF and 
HCO 3 ^31 the direction cells ^ suspension medium; however, 
these ions can only diffuse out of the cell if other ions of the same 
charge diffuse in at the same time: in a non-electrol\Te solution 
the only ion available is OH”, so that a certain amount of this 
ion will diffuse into the cell and thus make the cells alkaline and 
the suspension medium acid (Nettcr, 1928). This acidity of the 
non-electrolyte medium on addition of erythrocytes to it had been 
observed by Coulter (1925j, but was interpreted differently. 
Jacobs & Parpart (1933) have treated the matter theoretically on 
the basis of Netter’s explanation, and in Table I their calculated 
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values for the concentrations of some of the constituents of the 
erythrocyte on each side of the membrane are given for dilutions 
of blood in the non-electrolyte medium of 1 : 100 and 1 : 1000. If 
their calculations (which are only approximate) are of the right 
order, there should be a pR difference betw^een the inside and 
outside of the ceU of about 3 units when the blood is diluted one 
in a thousand. Since in these circumstances the cell contents 
become alkaline, it follows from what went before that the cells 
will shrink on being transferred to an isotonic non-electrolyte 
solution, and consequently the amount of a penetrating non- 
electrolyte which has to enter the ceils to cause haemolysis will 
be materially increased, so that great care must be exercised in 
interpreting rates of haemolysis in terms of penetration. 

It has been seen that the reduction of the number of ions inside 
the ery-throcyte produced by the formation of K„Hb at the expense 
of KGl and KHGOg causes the cell to shrink. A shrinking of a 
similar nature may also be caused by replacing the monovalent 
anions in the cell by extraneous polyvalent anions. Thus if cells 
are suspended in isotonic Na 2 S 04 , the ions will diffuse 

into the erythrocyte and two monovalent anions must diffuse 
from the erythrocyte in exchange for each SO 4 " ion w^hich enters. 
The net effect of this exchange will be to reduce the total number 
of ions in the erythrocyte, and the latter will shrink so that 
osmotic equality on both sides of the membrane is attained : the 
shrinkage obtained in this way could be used as a qualitative 
guide to the permeability of the erythrocyte to certain polyvalent 
anions (Parpart et al, 1937). If the extraneous anion penetrates 
with difficulty, it will be found that the Gl" and HGO 3 in the 
cell diffuse out in exchange for OH ; hence the suspension medium 
becomes acid. Thus suspension of cells in isotonic sulphate 
solution gives a reaction of p¥L 7*0, whereas in isotonic chloride 
solution the pR is 7*6; as SOJ” penetrates the cell the reaction 
becomes more alkaline (Dav^on, Wilbrandt, 1939). 

In the discussion of the Gibbs-Donnan equilibrium pertaining 
between plasma and interstitial body fluids, it was pointed out 
that a difference of osmotic pressxire between the two fluids must 
exist; in the case of the erythrocyte, however, it is clear that no 
such permanent difference of osmotic pressure between its con- 
tents and its surroundings can be present, otherwise the cell would 
be unstable, since its membrane cannot resist any appreciable 
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osmotic pressure difference; yet the colloid osmotic pressure 
of the ceil contents must be very much greater than that of 
plasma. The absence of such a difference of osmotic pressure is 
due entirely to the indiffusibility of the cations, which allows of 
an unequal distribution of anions as demanded by the Gibbs- 
Donnan equilibrium and at the same time an equal osmotic 
concentration on both sides of the membrane. If. due to some 
environmental influence, the erythrocyte were to become per- 
meable to sodium and potassium, then of course it would swell up 
and haemoiyse zide e.g. Davson & Danielli, 1938; Davson & 
Ponder, 1940,. 

Equilibrium Conditions in Muscle. As a result of the careful and 
painstaking work of Fenn and his 
collaborators, the previously scat- \ 

tered information regarding the ; Outside 

equilibria in muscle has been inte- 
grated into a fairly well-defined A Cl 

picture of the ionic relationships j 

between the cell and its environment. 

The muscle contains an intercellular ^ 

space which, on the basis of anatomi- j 

cal studies, amounts to 15 of its 
weight Hermann, 1S88 : this space 

is filled with interstitial fluid which -g - '—■■■■ - ■ l^-r 

will be expected to have the same i 

composition as an ultra-filtrate of i 

plasma. Chemical determinations 
r r 1 • j* Fig. 11. Equilibria between 

of the composition of muscle indi- muscle cell and saline. 

cate that all the chloride present is 

in this interstitial fluid, the rest of the muscle being free from 
this ion. If this is the case, the amount of fluid which must 
be present in the muscle to contain the chloride found repre- 
sents on the average 14-7*5*0 of the muscle weight (Fenn et al. 
1934); this weight of fluid is called the “chloride space*’. 
Practically all the potassium in muscle, on the other hand, has 
been found to be concentrated in the muscle cells. The ionic 
conditions in muscle and interstitial fluid may consequently be 
represented as in Fig. 11. A' represents the sum of the anions, 
consisting of phosphates, lactate, etc. in the muscle cell. For such 
a system to be stable, i.e. in order that the concentrations should 


Fig. 11. Equilibria between 
the muscle ceil and saline. 


3-2 
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not level themselves out by diffusion, the membrane must be 
impermeable to some of the ions present; the general consensus 
of opinion would indicate that the membrane, at rest at least, is 
impermeable to all the anions present, and also to sodium. We 
thus have a condition defined by the Donnan equilibrium, so that 
we may write with regard to the diffusible ions: 

K, H/ 

Since the concentration of potassium in the muscle cell is 
approximately twenty-five times that in the interstitial fluid, it is 
clear that a difference in j&H between the inside and outside of 
the muscle cell must exist: Fenn & Maurer (1935) have allocated 
a value of 6-9 to the interior of the muscle cell, indicating a 
difference of of not more than 0*5 unit, i.e. much less than 
is demanded by the ratio of the potassium concentrations. 
Similarly, it was found that the potential difference between the 
inside and outside of the muscle cell, the resting or injury potential, 
which should be given by the formula RTjFhx K^/K^, is about 
half the expected value, but this could be explained on the 
grounds that short circuits occur during measurement. As Fenn 
1936; states, the present simple picture of the ionic equilibria 
between the muscle cell and its environment is not adequate to 
cover all the known facts, but as a working hypothesis it must be 
retained until some other and more adequate theory is presented. 
The normal impermeability of the muscle ceil membrane to Na'^ 
seems to be tvell established: the evidence with regard to phos- 
phates, CF and other anions is conflicting; the permeability of 
the membrane to K~ is beyond all reasonable doubt. 

Under the conditions outlined above, osmotic equality between 
cell and interstitial fluid should exist, in spite of the colloid 
osmodc pressure of the cell contents (according to Duff, 1932, this 
is equal to about 45 mm. Hg), since the membrane is anion 
impermeable. Any disturbance of the normal impermeability of 
the muscle-cell membrane to anions or to sodium would, however, 
bring about an osmotic pressure difference and the cells would 
swell;' this accounts for the common observation that injurious 
influences generally cause a swelling of the muscle. In this 
discussion, the interstitial or chloride space has been treated as a 
single entity; functionally it may be divided into a capillary 
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space which will be filled with blood ca. 2-10''*,, of the muscle 
weight, Danielli, 1941; Danielli & Davson, 1941 and a true 
intercellular space. In permeability studies it is often essential to 
realise this distinction since, in a perfused muscle, a substance 
entering the muscle cell from the blood must penetrate first the 
capillary endothelium and then, after diffusion through the 
interstitial space, the muscle-cell membrane. 

TABLE II. Electrolyte analyses of squiD .nerves expressed 
IN milli-eqlivalents per gram of water in axoplasm, blood 
AND SEA WLYTER 'BeAR & .SCHMITT, 1031L 



Axoplasm 

Blood 

Sea water 


m. eq. 

ni. eq. 

m. eq. 

Substance 

per gram 

per gram 

per gram 

Total ba^e 

0-62 

007 

0-54 

K 

031 

n-t»}7 

0-012 

Cl 

01 3 

0-o3 

0-51 

Total base— K 'chiefly Xa 

0-31 


o-o;i 

fota] base — Cl anion dtTicit 

<»-40 

M-I4 


Tijta: base — Cl total ions analysed 

n-75 

T2u 

1-0.3 


This discussion of ionic and osmotic equilibria has centred 
itself mainly on the erythrocyte for the reasons that the information 
regarding it is more complete than with any other cell, that the 
permeability of this cell has been more consistently studied than 
any other, that the high concentration of haemoglobin in the 
erythrocyte makes the study of its equilibria of great importance 
for permeability phenomena, and finally for the reason that the 
equilibria in this cell are not appreciably complicated by metabolic 
activity (Davson & Danielli, 1938;. So far as other cells are 
concerned, it may be stated that, as far as we know, the conditions 
in nerve are essentially the same as those in muscle, having regard 
for the differences in structure of the tissues (Macdonald, 1902, 
1905: Cowan, 1934;. Recent analyses of Bear & Schmitt (1939; 
on the single axons of squid nerve fibres (Table II ; emphasise, 
ho^vever, that the nerve cell does contain chloride and, further- 
more, that there is a deficiency of anions in the nerve cell, i.e. the 
total concentration of anions required for electrical neutrality of 
the solution as a whole is not made lip by the sum of the indi\dduai 
concentrations of anions so far isolated and determined. These 
authors suggest that the unidentified anion will be found to have 
an atomic weight of about 100. The egg of Arbacia^ a sea-urchin, 
is probably only slightly permeable, if not impermeable, to 
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anions (Jacobs & Stewart, 1936), and this also seems to be true 
of plant cells, vide e.g. Jacobs (1922) ; in fact the rapid permeability 
to anions which characterises the erythrocyte appears to be a 
peculiarity of this cell* and represents an adaptation to the 
special functions of the erythrocyte as an oxygen carrier and the 
principal component in the regulation of the pH of the blood. 
Harvey (1932) has made a valuable collection of information 
regarding the chemical composition of Arbacia eggs, and similarly 
Krogh (1939), on a much larger scale, has collated a great deal 
of information regarding osmotic regulation in aquatic animals, 
to which the interested reader may be referred. 

Note added in proof. Since this chapter was written, a valuable 
paper by Boyle & Conway {J. Physiol. 1941, loo, 1) has appeared 
describing experiments which demand a complete re-orientation 
of commonly held views on muscle permeability and potentials. 
Apparently the muscle-cell is permeable to chloride and the very 
low concentration of this ion in the cell under normal conditions 
is due to the presence of non-diffusible organic anions. This paper 
should certainly be consulted by all interested in muscle equilibria. 
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CHAPTER IV 


SOME EQUATIONS USED IN 
PERMEABILITY STUDIES 

By H. Da vs ON 

In this chapter we wish to discuss as simply as possible the 
mathematical representation of the permeability process, so that 
intending workers in the field of permeability may have an 
adequate notion of the real meaning of the permeability constant 
and of the justification, or otherwise, of some of the short cuts 
by which measures of permeabihty are obtained without the use 
of the permeability constant as defined below. 

The migration of a substance in solution into or out of a cell 
is a problem of diffusion, so that Tick’s Law, which says that the 
rate of diffusion across a given cross-section is proportional to the 
concentration gradient at that point, should apply. The applica- 
tion of this law becomes comparatively simple when it is assumed 
that the concentration gradient across the membrane is the only 
gradient determining the rate of penetration; this will be very 
nearly true if the membrane slow^s the normal rate of diffusion in 
an aqueous medium to any great extent, especially if stirring is 
carried out in the suspension medium. Tick’s Law^ may then be 
stated thus: 

Rate of penetration 

_ ^ Concentration difference between cell and medium 
Thickness of membrane " 

If the thickness of the membrane is considered constant, it may 
be incorporated in the diffusion constant to give a permeability 
constant k. 

The equation becomes 

dSidt=kA{C„-Ci), ( 6 ) 

where a positive value of dSjdt indicates penetration into the cell 
and 5= the amount of substance penetrated into the cell, C', =tlie 
concentration of the substance inside the cell, = concentra- 
tion of substance outside the cell, i4=the area of the cell, yt=tlie 
permeability constant. 
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The permeability constant k is thus the number of moles of the 
substance which cross unit cross-sectional area of the membrane 
in unit time under unit concentration difference: the unit of area 
chosen is the square micron i ; of concentration difference, 
moles per litre; and of time, the second. 

Equation ^6; is fundamental to all permeability studies and 
the problem is to apply it to the given experimental conditions 
and the dependent variable to be measured. Let us choose almost 
the simplest possible case. The cell, into which a given foreign 
substance is penetrating, is assumed to be of constant volume, l\ 
and. surface area. A, and to be suspended in a large volume of 
fluid so that the external concentration of the penetrating 
substance can be considered constant. Such a state of affairs 
would be given by a plant cell whose cellulose wail was strong 
enough to resist osmotic forces. 

In these circumstances we may write 


dS;dt = kA{C,--C;j. 


Since Q=iS/F, and since A and V are constant, the equation 
becomes 

which on integration gives 


In 


Co Lit 

kAt 


or 


V __ 






This simple treatment brings out an important point, namely, 
the dependence of the rate of concentration change on the value 
of A:V. Thus if the rates of change of concentration of a pene- 
trating substance in, first, a single ceil of radius 1 cm. and, 
second, a suspension of cells having a total aggregate volume equal 
to that of the single cell but individual radii of 1 x 10“-^ cm., it 
will be clear that, other things being equal, the rates will be in 
the ratio of 1 : 1000. Since in biological systems the latter state 
of affairs is usually the case, i.e. the AjV ratio is large, it follows 
that equilibria will be achieved in biological systems very much 
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more rapidly than in artificial systems, e.g. the collodion sac, in 
which the J F ratio is comparatively small, even though the 
actual permeability constants in the two instances may be of the 
same order. 

Equation (8; indicates that the graph obtained by plotting the 
logarithm of (Co~ 0^)10^ against time will be a straight line 
passing through the origin with a slope equal to —kAIV; knowing 
A F, k could thus be obtained. The plotting of a graph in this 
way would be the most satisfactory method of evaluating k; 
however, the value could be obtained from a single value of 
Q and of /, by substitution in equation (8). In many 



Time (arbitrary units) 

Fig. 12. Curv^es illustrating the use of equation (8) . 

experimental techniques it has been considered sufficient to 
measure a single value of these variables, but instead of using 
the logarithmic relationship exemplified by equation (8) the value 
of Tq — Q) Cq has been used as a quantity directly proportional 
to the permeability constant. The justification for such a procedure 
within certain limits will appear from Fig. 12, where the value of 
{Co — Ci) Co has been plotted against when the relationship 
between these variables is given by equation (8). The curve, of 
course, is a logarithmic one, and it is seen that over a portion 
of its range it is linear, i.e. the logarithm of a number varies 
linearly with the number itself over a certain range. Hence, so 
long as values of (C^ — which lie on the linear part of the 
curve are chosen, it will be justifiable to regard these values when 
divided by their appropriate time values as being directly pro- 
p ortional to the permeability constant. 
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Equation S . indicates that the penetration of the substance will 
cease when equals zero; when indirect measures of 

concentration are used, as for example the volume of the cell, it 
may happen that the proportionality factor relating the indirect 
measure to the actual concentration may vary from one set of 
experimental conditions to another; in this case it may happen 
that the permeability process will apparently cease when — 
is not equal to zero, when errors will appear in the determined 
permeability constants. In Fig. 12 cur\'es I and II demonstrate 
this point; curve II is identical with curve I, except that the 
equilibrium position of — Q is given by 0*1 instead of zero. It 
will be seen that the error in the value of (C^ — C}. Q introduced 
by the assumption that the two curves are identical increases the 
nearer this value is to the equilibrium position, consequently errors 
due to such changes in the position of apparent equilibrium may 
be minimised by restricting the measurements to a region of the 
permeability process as far removed from the equilibrium 
condition as possible. 

The simple relationship between the concentration of the 
penetrating substance in the cell and time given by equation 8 ; 
has been used to demonstrate these points only for the sake of 
clarity; in actuality, equation (8. would be rarely applicable in 
permeability studies, but the same considerations which we have 
raised here would apply to any equation of the form rJ 
Thus it will be seen that the rate of penetration of water into the 
erythrocyte may be expressed in the form = constant x 1 d-, 
where C is the concentration of osmotically active material in the 
ceil. By plotting / against C it will be found that a portion of the 
curve will be almost linear, and hence over this range the time 
required for a given value of C to be achieved will be approxi- 
mately inversely proportional to the permeability constant for 
water. Similarly, the remarks on changes in equilibrium con- 
ditions will apply with equal force to this case. 

The condition in which water penetrates the egg of Arbacia 
is more complicated, since here both the volume and area 
of the cell vary. The rate of penetration is, in this instance, 
proportional to the dijfference of osmotic pressure; hence the 
differential eqiiation will be 


dVldt^kA{P--P,^), 


( 9 ) 
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where V = volume of cell, 

P =the osmotic pressure in the cell at any moment, 
=the osmotic pressure of the solution outside the ceil 
assumed to be constant, 

k = permeability constant defined as number of jp 
HgO which pass of membrane with one atmo- 
sphere osmotic pressure difference in one second. 

Since P will be given by PqVqIV, where Pq and Vq are the 
initial osmotic pressure and volume of the cell contents, and the 
area of the cell, A, will be given by (3611) (the egg being 
approximately a sphere), the differential equation becomes 

§=A(36n)iF*(^-P,,) (10) 

This, on integration, gives an equation connecting the volume 
of the cell and the time, of the form 

kt = ln/( V) + tan-i/' (V) +/"{¥) (11) 

(Lucke et al. 1931; also Northrop, 1927). 

If it is desired to measure the permeability constant of w^ater 
penetrating into the erythrocyte, and the variables measured are 
the time and the degree of haemolysis, as opposed to time and 
volume in the case of the Arbacia egg, the following simple 
calculation can be made (Jacobs, 1932). 

The cells are placed in distilled water and the bulk of the water 
is large compared with that of the cells. The fundamental 
differential equation becomes 

(12) 

w*here V= the volume of the fluid contents of the cells, 

A = the area of the cells, 

C = the concentration of osmotically active material in 
the cells. 

If Fo and €„ are the initial values of C and F, their values ai 
any time will be given by 

V=V ^ 


(13) 
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Hence 


C “ at 


U 


Owing lo the fact that the area of the erythrocyte does not 
increase appreciably when the cell increases in voiumej A may be 
considered constant, so that equation '14 i may be integrated 


to give 


kAt=^^ 


1 

C2 
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This equation connects the time and the concentration of 
substances in the cell, which, as water penetrates the latter, 
decreases. If the time of haemolysis is being measured, then 
will represent the concentration of substances in that group of 
cells which just haemoiyse when the external concentration is 
equal to this value. If if^ represents the time required to reach 
the degree of haemolysis corresponding to a value of C/j, equation 
15, becomes 



Thus, if the time for 75 haemolysis is measured, and by 
fragility studies the value of C). appropriate to this degree of 
haemolysis is determined, the value of k may be determined by 
substitution in equation 16 . 

We have seen in Chapter iii that, if a cell is suspended in a 
solution of a penetrating substance, the penetration of this 
substance will cause a difference of osmotic pressure, so that water 
tends to pass into the cell unless the volume of the latter can be 
maintained constant; in other words dCidi will depend not only 
on dS.dt but also on dw;dt. The equations by which the per- 
meability constant of the penetrating substance may be derived 
are complicated and their derivation cannot be entered into 
fully here. 

The fundamental differential equations will be as follows: 



( 18 ) 
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^vhere C, =the external concentration of the penetrating sub- 
stance, 

Q, = the concentration of the external medium before the 
penetrating substance is added, 

/cj =the permeabihty constant for the penetrating sub- 
stance, 

= the permeability constant for water, 
a =the amount of osmotically active material originally 
in the cell, 

A =the area of the cell, 

V =the volume of the cell. 

A general solution of these simultaneous equations has not 
proved practicable; Jacobs (1934), by mainly numerical methods, 
has solved them, in the case of the erythrocyte (assuming that the 
area of the ceil is constant), in an exceedingly satisfactory manner. 
Table III, which has been constructed by Jacobs, enables us to 

TABLE III . R.^tios of the times theoretically required to 

REACH GIVEN VOLUME IN AN ISOSMOTIC SOLUTION OF A PENE- 
TRATING SUBSTANCE AND IN WATER, RESPECTIVELY, FOR DIFFERENT 
VALUES OF A'l A'a 


V 

X 

100 

20 

10 

7 

5 

4 

3 

0 

l-OOo 

1-00 

2-40 

4-80 

6-80 

8-00 

9-40 

10-40 

12-00 

14-60 

1-01 

1-00 

1*90 

3-50 

4-90 

5-80 

6-80 

7-50 

8-70 

10-60 

1-05 

1-00 

1-24 

1-88 

2-48 

2-90 

3-36 

3-74 

4-24 

5-14 

MO 

1*00 

MO 

1-49 

1-87 

2-15 

2-47 

2-72 

3-08 

3-71 

1-25 

1-00 

1-05 

1-23 

1-44 

1-59 

1-78 

1-95 

2-18 

2-60 

1-50 

1-00 

103 

1-13 

1-25 

1-35 

1-48 

1-59 

1-75 

2-06 

1-70 

1-00 

1-02 

MO 

1-20 

1-28 

1-39 

1-48 

1-62 

1-88 

2-00 

1-00 

1-02 

1-08 

1-16 

1-23 

1-32 

1-39 

1-51 

1-75 


1 



i 

1 

1 

T 

rV 

■aV 


20-80 

29-20 

36-00 

41-6 

4 : 7-00 

56-00 

68-0 

96-0 

240-0 

14-90 

21-20 

26-10 

30-00 

34-00 

40-60 

49-0 

70-0 

190-0 

7-20 

10-28 

12-72 

14-96 

16-80 

20-30 

24-80 

37-60 

124-0 

5-18 

7-43 

9-23 

10-90 

12-33 

15-07 

18-70 

29-70 

110-5 

3-61 

5-19 

6-55 

7-80 

8-89 

11-18 

14-40 

24-50 

105-0 

2-83 

4-12 

5-26 

6-36 

7-38 

9-47 

12-50 

22-50 

102-6 

2-57 

3-77 

4-86 

5-92 

6-93 

8-98 

12-00 

22-00 

102-0 

2-37 

3-49 

4-54 

5-58 

6-58 

8-61 

11-60 

21-6 

101-7 


read off directly the value of the ratio when the ratio of tk 
times required to reach a given volume, V (initial volume of cdl 
equals unity), in the solution of the penetrating solute and in 
water alone are known. ^ 2 ? permeability of the erythrocyte 1® 
water, may be determined by use of equation (16), whence n® 
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be obtained. In actuality it is found convenient to measure the 
time required for a certain degree of haemolysis to occur, as 
opposed to the measurement of a volume change; in this case 
the concentration of salts in a solution which causes the degree 
of haemolysis measured must be known: from this concentration 
the haemolytic volume of the group of cells which just brings the 
degree of haemolysis to 75 ^may be calculated; the value 
adopted for 75 haemolysis is 1-70. Hence to obtain /q /r^ from 
the values of the times for 75% haemolysis in the solution of the 
solute and in pure water, we choose the row corresponding to the 
value of F equal to 1*70 and note the column in which the value 
of the ratio t (solute) 7 (water) occurs; the figure at the head of 
the column gives the value of kilK. 

The units chosen for concentration, volume and surface area 
in the derivation of this table are arbitrary and the value of 
must be multiplied by the initial ceil volume in cubic micra and 
divided by the initial cell surface in square micra and by the 
osmotic pressure of the external isosmotic solution in atmos- 
spheres. The units will then be in /x^ of water per yr per atm. 
per min. The values of mtist be multiplied by the osmotically 
effective initial volume of the cell and divided by the initial cell 
surface. The units will then be in moles per y? per mole per litre 
per min.* 

It is to be noted that this treatment applies to the case of 
erythrocytes suspended in an isosmotic solution of the penetrating 
substance ; in the case of the sea-urchin egg it is advisable to add 
the penetrating substance to the sea water surrounding the egg. 
In these circumstances the egg wall shrink first, and then increase 
in volume until equilibrium is established at the initial volume. 
Jacobs 1933) has constructed a chart, obtained by the numerical 
solution of the appropriate simultaneous differential equations, 
w'hich we reproduce in Fig. 12. a; from a knowledge of the initial 
and minimum volumes of the egg and the time required for the 
attainment of the minimum volume the values of both and k^ 
may be read off directly. The units employed for the construction 
of this chart differ from those generally used and conversion 
factors must be employed. These have been provided by Jacobs 
(1933) and are given in Table Ilia. 

* Jacobs generally uses the minute as the unit of time, whereas we have used 
the second. 
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If the egg is suspended in an isotonic solution consisting of both 
non-penetrating salts and of the penetrating substance, it is clear 
that a calculation which is based on the determination of a 
minimum volume is of no use, since the only volume change to 



Minutes 

Fig. Chart for calculation of permeability constants for Arbacia eggs 

(after Jacobs, 1933). 


TABLE Illii. Conversion factors for permeability 

CONSTANTS 

ki is in OTi. mols per pr per min. per gram mole per litre concentration difference, 
and ^2 is fi® per p- per min. per atmosphere osmotic pressure difference 


Cell volume 

Factor for 

Factor for 

in /i® 

( X 10^^) (solute) 

. ^2 (water) 

IStf.tHX) 

11-6S 

** O-oO 

18.5,(hX^ 

11*7S 

0-51 


11*89 

0-51 

19o,<XN> 

11-99 

0*51 


12-09 

0-52 


12-19 

0-52 

210,000 

12*29 

0-53 

215, (XX) 

12-39 

0-53 

220,000 

12-48 

0-54 

225,CKKi 

12-58 

0-54 

230, (XX) 

12-67 

0-54 

235,000 

12-76 

0-55 

240, (KXj 

12-85 

0-55 
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occur will be a continuous swelling. Hunter (1939) has adapted 
Jacobs' equations for this special case, however. 

A final point to remember, in regard to the equations discussed 
ill this chapter, is that the volume of the cell, denoted by F, 
should be equated to the volume of solution contained by the ceil, 
and this will dififer from the geometrical volume by the volume 
of solid matter in it; in the case of the erythrocyte this represents 
about SO'bj of the total volume of the cell. 
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Air:EE <iF IHE process of diffusion 

l>\ fiifiluMl I . Miice Ihe Iiiovements of the larger molecules will 
fiiuih more -siuirdsh. But iur large molecules diffusing in a 
iiirdiuiii ^4 •.iculItT molecules and for ions in water, method ^2. 

predominates, sime movements of the small molecules 
I. Ill pnr\ide holes more rapidly than the large molecule can do 
iiv vutue ui'iis own kinetic energy. 

In ihr case of polar Ik|uids, such as water, glycerol and 
sulpiiunc dad, chemical lx>nds usually hydrogen or hydroxyl 

bmcis Ftasier «k Bcrnah 1933 also restrain the movements 

of rn«>lrtulf-v For example, if we compare these molecules with 
tAlm mol«.ulf-s which do not form such bonds, e.g. H^O with 
llj-N, oi XHj which do not readily form these bonds , or 

peKhioi a. .u id HCi( >4 which has only one hydrogen atom avail- 
able tui bmd icrnuiion^ with sulphuric acid H 2 SO 4 (which has 
two l»!id-t‘onrung hydrogen atoms,, we find that the substance 
whicii forms hydrogen bonds mc^t readily has the higher boiling 
pmni and lower vapour pressure .because molecules cannot so 
ra»ii\ diffuse into the \apour phase , and the higher viscosity 
liCi aase molecules are rt*strained from diffusing in the interior 
4^1 ihi- liquid iiv the li\ driven bonds . Thus, the boiling point of 
water C.. • •ei.-A.no-d with — 02 ' C. for H^S, —42' C. for 

HjNr, and Cl, b>r NFlg. So we find that in a liquid such as 
water, ditlusion is retarded Ixoth by Van der Waals' forces and 
h\ «;firiiucai !>ond forces. But the basic two modes of diffusion 
rrlrrmi to ab>ve remain the two fundamental types: the chief 
rtleci of hydrogen-bond fcwmaiion is to make diffusion more 
ditlM-'uli, m so tar that sufficient kinetic energc' is required to 
overctjjiic not uiiK the \^an der Waals’ forces but also the 
cmmiidl tpmd forces. 

\^hrre the total energy required to break all of the forces 
triiciiUa !u restrict free diffusion is large, it frequently happens 
tkii fMit (jfih ijt 4 molecule diffuses at a time. For example, 
a gherroi - CH^OH .CHOH .CHgOH^, molecule evaporates 
tiofii 4 water surface all ihe^ forces are broken simultaneously, 
» that ih^ nwgy required is of the order of 20, (KM) calories per 
gram tmA. But activation energy’ for diffusion of glycerol in 
waicf IS «ily abmit #J0li cakmts. lids means that in water the 
iiM>lccuit by nriativcly ^nall amounts at any one time, 

mAEing f^»li aal rotatic^ wiiich involve overcoming 

^rt «ily ti ftarccs. 




\^hen-* cj is ihe amount of substance diffusing across an area of 
I cin.“ in time ct under a concentration gradient cc cx; D gives 
ihe amount of substance diffusing across an area of 1 cm.^ per 
unit time when cc cx = 1 . 

It is not generally appreciated that Pick assumed that the 
resistance to diffusion is continuous, due e.g. to a medium of 
particle size \\'hich is negligible compared with that of the diffusing 
molecule. In any real liquid, however, most of the molecules 
whose diffusion is studied are of the same order of magnitude as 
the solvent molecules, and, for reasons which were presented 
above, diffusion is intermittent in character. Pick’s equation, 
therefore, on its present theoretical foundation, is of approximate 
accuracy only. It is fortunately the case that if we measure 
diffusion across a solvent layer of thickness very large compared 
with the diameter of the diffusing molecules, Pick’s equation 
holds within very precise limits. When, however, we are dealing 
with a thin layer or membrane of thickness of the order of 10 m/A, 
as is frequently necessary in biolog\% Pick’s equation is only 
roughly true, and it is necessary^ to take into account some of the 
details of the structure of the membrane if a really accurate 
treatment is desired. This, however, is very difficult to do. 

Pick’s constant Z) is a measure of the resistance offered to free 
diffusion. In water the values of D are thousands of times less 
than in a gas such as oxygen at normal temperature and pressure, 
due to the resistance offered by the Van der Waals’ and chemical 
bond forces acting between adjacent molecules. Thovert (1910) 
applied Maxwell’s equation to diffusion in liquids ; he found that 
the expression 

D M- = constant (20) 

is very roughly true for molecules up to the size of hexoses 
diffusing in such solvents as water and alcohol. Oholm (1912) 
confirmed this result. Table IV shows some typical results for 
water. The value of the constant in equation (20) is much smaller 
for diffusion in w^ater than in gases. 
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74 
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92 
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Eimtein has derived an equation relating D to 

the vmxmn, 4 >f the diffusion medium and to the radius a of 

the ddfusirii: m4>ieik'ule: 


D 


RT 1 
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%>hrrr X h Av4>gadro's numi>er and R is the gas constant. The 
trfiiprraiurr cor ilk irnt of D is given by 

a .>.V 

I e, f >r dfluie solutioiis, which have the same viscosity, the 
sh*.-uld the vime for all m‘>lecuies. Einstein's equation was 
tased the .t^surnplioa that the solvent molecules are negligibly 
4-«^mpared v\ith the solute molecules which are under in- 
vesu^aiion. This is true for colloidal particles, w'hose behaviour 
t4> fir fairly accurately descril>ed by this equation. Bui this 
assumption is not complied with in the case of smaller molecules 
iuch as urea and ^iyceroL uhich may l>e the same size or even 
stnaller than thf s^alvent molecules. In view of this it is not 
to rind that if values of a, the molecular radius, arc 
4 aicoiafed tor- uK'iiecules from equation {22 \ , using the experi- 
iBrritai ’fealues of D for diffusion in water, the values of x often arc 
iaip^bly tuiaih and that the of £), instead of being constant, 
1‘2^ for D~2*4, to 1*48 Tor Z>=0*2j: i.e. the more 
slow If diffimng molecules have the higher values. In view of 
facts liiat EiiBteiia'i equation is theoretically inapplicable to 
tmaU that if applied as an empirical equation it 

Civ« miits, it k smm^zwhatX to )x regretted that it has 

r^n to ff* orfafem d the iK>re accurate equation of 

if4«;^ert. Am (1P12) poiiifced out, Eimtein’s equation is 

j-ccuraie c»lf x^mr and Imited circumstances. 
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Danielli (Appendix A) has made a crude attempt to obtain an 
equation which takes some account of the structure of the medium 
in which diffusion occurs. He obtained the following equations : 



And, substituting for from (24), at constant temperature and 
constant 6: 

D A’l' == constant. (25) 

These are approximate equations only, and, within their limits, 
lit the facts well, is the activation energy of diffusion, and ^ is 
the probability that a molecule, having the minimum kinetic 
energy necessary for diffusion, will also have the correct 
orientation, etc. to enable it to diffuse. The variation in and 
6 provides for the difference between the rates of diffusion of the 
same molecule in different solvents, and for the variation in 
values with different molecules in the same solvent. In a liquid 
of low viscosity the /x values do not vary greatly from molecule 
to molecule, and the Qiq values therefore do not vary much. 
Hence we see from’ equation (25) that should be approxi- 
mately constant, i.e. we obtain a possible theoretical basis for 
Thovert’s equation. For diffusion through very viscous liquids 
and solids, on the other hand, the Qio’s will vary greatly, and 
DM^ will not be constant. This is useful for diagnostic purposes, 
for wherever we meet diffusion in (liquid + membrane) systems 
characterised by a low and obeying the relationship 
= constant w^e may be fairly sure we are dealing with dif- 
fusion in water or some other liquid of comparatively low viscosity. 

Now, lastly, let us consider the process of diffusion through a 
thin layer of fatty (hydrocarbon) material lying between two 
aqueous layers. First consider the qualitative aspects of the 
problem. Diffusion through the water layers will be com- 
paratively rapid and the resistance due to the water may in many 
c^es be neglected by comparison with that due to the fatty layer. 
When a molecule reaches the fatty layer, there may be a dis- 
continuity ; before it can enter into the fatty layer it must acquire 



^ nature of the process of diffusion 

lyflicierit klmnk entrg%^ l>oth to overcome the forces holding it 
lo uaier mui to make a hole in the fatty layer. For a molecule 
%ULh as ^^hkh forms many hydrogen bonds, the amount of t 
ritefifN- required is large; and as a large amount of kinetic energ\’ 

1% Mldi»rri available the prrxress of diffusion into the oil layer is 
4 » -rrar.ir'vtv. slow. On the other hand, for a molecule such as 
IjTfifrrir, ^vhich forms no hydrogen bonds with water, diffusion 
into the oil layer requires only a small amount of kinetic energ\' 
.trid therefore l>e rapid. In diffusing across the oil layer, the 
rrsisiance r ncountered will 1:^ almost entirely due to \ an der 
Waals“ forces, but this may lx? very considerable where the oil is 
< omfKiscd of large iTK>lecules such as sterols and lipins. When the 
ditfusine molecule has crossed the oil layer it has finally to diffuse 
Mfim the oil-water interface into the water. For a molecule like 
glycerol this will lx? comparatively easy, since when it comes to 
the interface it will form hydre^en bonds with the water and 
virtually become pan of the water, and will be able to diffuse 
awa\ into the interior of the water layer by the same easy stages 
as through %vater in bulk, with little opposition from surface- 
tV^rces But with a molecule like benzene the process 
mav le rm^re dhliiult. Benzene forms no hydrogen bonds with 
watrT. and therefore cannot become incorporated in the w'ater 
b%rr. Dm^uefUiy to penetrate into the water it must have 
siifiMient kinetic energy' to remove itself completely from the 
fattv kyer and penetrate into the water. If the benzene molecule 
rmk partiailv removes itself from the oil layer, it will simply 
an r%crr»"enre from the oil layer, increasing the surface 
area cf thr cm! bver, and w ill immediately be pushed back from 
the Hater bv surtace-temion forces. Since a rather large hole 
mm made in the water by the penetrating benzene molecule, 
rnergN req aired is rather large and the rate of passage 
TMlief low . 

I tie quantiiati^'f treatment of diffusion across such an oil layer 
prevents iiiariy difikrulties. If one aimmies that Pick’s Law applies 
!- * Ciffusion MTom the ml layer, it is possible to use the same equa- 
.iS %%ere imd in the studly df the diffusion of heat. Such 
vudin liave maile in cmi^tion with the diffusion of 

li%drc^'eri aermf B^ahimiKS, but are not of much use for 

itiMio. FJ.Tur^ has made a study in a form 
0 MofcigKral rtudhcs. He finds that for molecules 
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\vhith penetrate the oil layer very slowly, under certain conditions 
SIT Appendix A , the permeability is given by the equation 
2. a is the constant for the rate of diffusion of molecules 
m>m water into the oil layer, which is given by aC, where C is 
the ronceiitration in the water layer. Turton has not published 
this snidv. as it has no special mathematical merit and is inferior 
lK)th in accuracy and in convenience of use to his second study 
made on a model proposed by Danielli (Appendix A , which 
takes some account of the structure of the oil layer, instead of 
usintj the inaccurate assumption that Pick’s Law holds for diffusion 
across it. Consider Fig. 13 a and b. Fig. 13 a shows the form of 


: ‘'h i j 

blgiTibran»;J iMeir.braneJ 

Co I ; Co ' 



Fig. 1 3. Concentration drops across a small element of volume of a membrane : 
a membrane without structure, {b} membrane with structure. 

concentration gradient met with if Pick’s Law is assumed to be 
correct; Fig. 13^ shows the concentration gradient obtained for a 
small element of membrane volume, assuming an approximation 
to the structure of the interior of the oil layer. Any individual 
molecule penetrating the membrane meets a number of potential 
energy barriers, due to the fact that the molecules composing the 
membrane present a series of more or less discrete areas of inter- 
molecular action, e.g. the successive CH, groups in a hydrocarbon 
chain. Each of these barriers can only be crossed if the diffusing 
molecule has sufficient kinetic energy. If the number of these 
potential energy maxima is w, the constant for diffusion across 
these maxima is e, and b is the constant for diffusion across the 
oil- water interface in the direction oil -> water, then the per- 
meability of the membrane is given by 



5^ nr Jiih UF DIFFUSION 

Fcir lapidlv iimuum molecules 2e is negligible com- 

|Mmi ^.iih and ihi^ sirnplifst^s to 



I'-r oiari%- p^'^netratinu molecules 2£ is much greater 

fltdri and obiain fn-^m 



*^luch IS the same equation as was obtained in Turton's first 
treatment \<a% this cas#n -^^here 2e is much greater than nb, 
funr^lM^ixh !<> the physical condition in which diffusion across 
thr ii.trrfafr in the direction water “^^oil is so much 

tkmrr than ditiusiiHi across the rest of the oil layer that the re- 
mx^mr due to the rest of the oil layer may be neglected, i.e. the 
a«ijmptu>m made as to the form of the concentration gradient in 
fhr ini»*n 0 r of the membrane are in this case of no importance. 

one can predict that in this case the two treatments 
..r*. d',? cbf the same result. For rapidly diffusintr 

:h»* hr^^ tr^'atrneni gi\es a result which is much more 
ooinpk-.ueti, jiid. for tlr.n membranes, probably less accurate 
fhari the ^"ond treatment. 

I’ rim these equations it is possible to calculate the permeability 
--■4 r.i£, a ihiii layer of olive oil. The results of such a calculation 
are in Table XXII, in the chapter on ncn-electrolytes. It 
wiii I'jr seen that the of such a layer closely resembles 

that »:€t%pKal irll nirmbranes. 

All thr ei|uaik4-is which have been given dealing with the 
1 > (4 a thin oil lavrr are approximate only. This is 
httamt iht% take account *>f the structure of the oil layer in an 
approximatr wav mlw It is at this |K>int that we reach a limit 
10 the |:*:m%ibiiro . 01 ' developing a more refined theory. This limit 
jv by fact tiiai diffusion theor\’ has not yet coped with 

ihe effm erf the ttructuir erf the ^vent. The most recent papers 
-ri im Mib|^i eg. fjmimrd-Jones H ai. 1939; Eyxing, 1936; 

that itMTt ts litifc |Mt»pect erf an immediate advance of 
a IV p w hich will be bm h 
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I HI .^Tkl CTLRh OF THE FLAS^fA MEMBRASE 

Bv J F. DANinnand H. Dav^os 

In Am chapter will f^e pteM-ntfd a brief review of evidence 
derived from sources other than permeability studies, relating to 
the p»Sihlr structure of the membrane responsible for the 
veirttive f,rrmeabili!v of the cell. In the final chapter the results 
of pr-rnieafiiitv stude-s will lie invoked to see to what extent the 
theorv I.; nieiiiiiiane strut lure ( onformswith the selective powers 
rvhi’t.itrd bv the t ells ijt respect to the penetration of different 

The i ell nicmbranr, with which permeabiliiy studies are mainly 
b exirrinelv thin, yo that it cannot be differentiated 
if^nn the |>n.>tof>!a>ni which if surrounds by microscopic means; in 
i* 3 ct |)re^ence niiVi/ih interred frcMii that selective power of 
thr iril vu'-hiic Itself Is which cenain substances are excluded 
rr rn -and ^ arc allowed to pass through with greater 

or .lud aiM) the fact that if the surface of the cell 

B p-uni:fur»^::{ or hrrrkrn the cell contents flow from the aperture 
mi\ frrrlv with the surrounding aqueous medium, and foreign 
su'ti^stancrs ibrn have free access to the interior of the cell. Possible 
rpnam lo this latter generalisation are the claim that the 
er^thi'ccyie nuv cut into halves by micro-dissection without 
the haeni<rgbl>in escaping, and also the obser\’ation quoted by 
Pteflfr '1^77 ih.it the root haiii of fhdrockaris may be crushed to 
msT siEjil drt^leis of protoplasm which l^ehave osmotically as 
iiMlicidual celh. Bur in rxnh instances it has yet to be proved 
that the actiial coniinuiiy of the membrane of the parent cell was 
bre4rrc, ami it is quke pmible that the cel! divides up as in Fig. 14. 
It TMMiid 1^ M>ied that man\- cells have more than one mem- 
this ^ant ceils are surrounded by a comparatively thick 
iniidim' wail e^iy dktinguistod under the micrc^ope: fertilised 
rtm M't freqi^ily Mgroumfed by a tough ''fertilisation mem- 
tte Mfetiliiad df M^ine species, e,g. Arhacm 
are nsr^mM by a thick layer of jelly. Where 
ligated it has been fomiMi that these structures 
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external to the true cell membrane are highly permeable and 
exhibit few or no special selective powers in respect to the 
l^netration of various molecules; their chief role is probably a 
mechanical one and they may be stripped off the cell without 
significant alteration of its permeability characteristics. 

Tk Lipoid Layer Theory, Overton found that fatty substances 
readily penetrate this membrane, whereas substances which are 
insoluble in fats penetrate very slowly, if at all. This led him to 




Fig. 14. Production of protoplasmic droplets by crushing root hairs with a 
rod, so as to maintain continuity of the membrane. 

si^gest that the membrane is composed of lipoid or fatty molecules 
1895, etc.). Actually any molecules made up mainly of GHg or 
GH groups would have the same solvent powers, so that steroids 
and phospholipids must be considered in addition to true fats and 
faity acids. Supporting this suggestion of Overton’s is the work of 
GcMtcr & Grendel (1925), Chambers (1935), Dawson & Belkin 
(1929), Mudd & Mudd (1931), Schmitt et al (1938), and Waugh 
& Schmitt (1940). 

Gorter & Grendel found that the total lipoid of the erythro- 
cytes of several different species, when spread in a monolayer, 
occupied an area just twice the surface area of the erythrocytes. 
Ihcy therefore suggested that this lipoid was arranged at the 
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rrlS surface Oi a hitnolccular leaflet, with the hydrated polar 
at the interfaces of the film, and the hydrocarbon poriiotM 
erf' the rnoler uies making up the interior of the membrane (Fig. 15 , 
.\ny alternative arrangement of the lipoid molecules would l)e 
uiutable. 'ITie lipoid molecules are, according to this theory, 
ananged radially. 

Schmitt n al. 193S examined the birefringence of the 

ml ceil ghost with polarised light, and also came to the conclusion 


W^fpr 


H^tlrocarho!! 

f 



Polar groups 


Water 


15. of red cell membrane after Gorier & Grendei . 


ihM the cdl mmibrarie contains radially arranged lipoid mole- 
cylr$, and may be no more than a few molecules thick. There are 
frrai difficiihies. as these authors pdint out, in the interpretation 
i.A ptalari^ ii^hi studies, lo that at pre^nt this obser\'ation must 

aArreptrd with caution. 

Ibe wetting prof^Mties of cells studied by Mudd & Mudd. 
Ilawmm ^ IWkiii aini Chambm are of great interest. Eryihro- 
cyta ve^My mm the interior of an oil layer, and so must lie 
pr^remtoily wet by mh, leucocytes, however, are preferentially 
wrt by w«cr. Ckter cells have been studied by bringing small 
<»i in with the cell surface. Globules of oil 

adhere to ^ forming a cap. Paraffins 

ia il« »1 irf f^h a cap will naroc^Sse AmmbaSy even in 
wfeh hmt wm mmtmhc actiem tvhen the oil is 
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j ' cted into the interior of the cell; so evidently the membrane 
wMch is wetted by oil is one fundamental to the activity of the 
^eO >farsland 3 1933). When naked Arbacia eggs are used, the 
oil droplet, if it wets the cell, snaps into the interior. If two such 
droplets are made to adhere in this way to a single cell, and the 
lea water stirred gently, the drops show movement relative to one 
anc^her, so that evidently in this case the membrane is not only 
fauv in character, but also liquid, i.e. the molecules composing 
it are not fixed rigidly in space but have the power to slide over 
one another (Kopac & Chambers, 1937). 

The work of Hober (1910, 1912), Fricke (1925), McClendon 
T926 , Cole (1937), etc. on the electrical impedance of cell 
membranes to high-frequency alternating currents show’s that 
whereas the cell contents have a fairly high conductivity, the ceil 
membrane is of very low^ conductivity. This may be considered to 
support the lipoid theory, for it is difficult to see how a thin, and 
sometimes liquid, layer of protein can have a low conductivity, 
but a similar layer of lipoid will of necessity be of low conductivity, 
since ions enter a lipoid layer with great difficulty. 

Thi Protein Theory. An alternative hypothesis, that proteins are 
the chief constituent of cell membranes, has also been considered 
by many authors. Its chief attraction is that the membranes of 
many ceils appear, to qualitative observation, to have the 
properties of a sieve. This sieve-like character, it w’as thought, 
could best be provided by the polypeptide chains of proteins. So 
far, howwer, it has not proved possible to obtain protein 
membranes which sufficiently resemble the cell membrane for 
this structure to be plausible. Harvey (1912) experimented wdth 
protein membranes formed by an adsorption process, finding that 
NaOH and NH 4 OH penetrate equally rapidly, wffiereas NaOH 
enters cells much less rapidly than NH 4 OH. Goliander (1927) 
prepared membranes by fixing gelatine with formaldehyde; these 
Mjnbranes showed no preferential permeability to lipoid-soluble 
laolecules. 

Picmi Developments. A fresh line of evidence was obtained from 
work of Harvey, Cole and their collaborators on the tension 
at the surface of cells. If a sea-urchin egg is centrifuged, the oil 
(lighter than the cell fluid) collect at the centripetal end 
rf the e^, and the yolk granules (heavier than the cell fluid) 
at the centrifugal end. When thus collected at the two 
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4 f®. ihe oil and yolk under ceniritugal force exert 

« uhif h to rioi^aie the egg into a cylinder, and trhen 
Vn -d. ..f tht» cylinder reaches - times its diameter it becomes 
awl do ides into iMoalnti«>t equal spheres Harvey, IHSI,. 
! Hr J,r.. es tati Ise svatched HI the centrifuge microscope Harvey, 
mi iiiu the ceritnfugal force just sufficient to cause division 





- 4 - 



evil iDamelli; si-jowing the general pattern. 


.rsit, ‘JeteTMir^. T'fecn liic cesitrifugai force may be equated 
ifw^ lermcci round ibe furface of the elongated cylinder, and 
tHui ik€ trmmn at ib? surface erf the cell may be calculated. For 
ffif amtttihmi id Ar^m-pj. Har^Tv found a tension of 0*2 dyne 

cm- A srccifKl method, due to K.S.Ole ( 1932 ), by which 
I he mmon is ckterniiiKd irtm the force necessary^ to flatten the 
laati^ll % ^pkrnwM m varyii^ degrees, gave a value of 0*08 dyne 
cm. ikitrr appikd lo tMs and to other ceils, have 

that in al! ca^ tbe is veary Imv. Since no lipoids 

iftlikh, at irf adk, have not only a low 
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leliibility in ^vater like the plasma membrane, but also a tension 
against the aqueous phase as low as 0*1 dyne per cm., it became 
eddent that some substance other than lipoids must be present 
in the plasma membrane. Harvey & Shapiro (1934) then showed 
^hat these verv low tensions are also found at the surface of 
intracellular oil droplets. On analysis of the cause of this low 
lension, it was found that the intracellular proteins were re- 
sponsible (Danielli & Harvey, 1934). Subsequent investigation 


Sterol Fatty acid Triglyceride 



Fig. 1 6 6. A detail of the structure of the cell membrane (Danielli). The polar 
groups of the protein are in roughly the same plane as those of the fatty mole- 
cules, and the hydrocarbon parts of the protein extend into the fatty layer. 


of a large number of proteins showed that many proteins can 
produce these low tensions (Danielli, 1938). Since proteins have 
such a large surface activity, it necessarily follows that any lipoid 
surfaces in contact with a protein solution, even if as dilute as 
cm part in 10*^ or more, will be covered with protein, and have a 
low tension at their surface. This conclusion applies equally to 
lipoid membranes, intracellular oil globules, serum fat particles, 
etc. Dius the advocates of the presence of a fatty membrane at 
the surfece of protoplasm are forced to accept the simultaneous 
pescnc« of adsorbed films of protein molecules arranged as in 
F%. 16. In the case of the erythrocyte, Schmitt et aL have shown 
»0 


5 
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t€m optical stiMiies that proteins are arranged tangentially on the 
cell surface, m is demanded by the surface chemistry of proteins. 

11^ pm^nm of this complex membrane are probably not lo 
^ as a simple juxtaposition of the properties of the 

protdns and lipoids. Complex formation between the proteins 
M'd lipmds at the cell surface probably occurs to a greater or 
Im merit :'r^ c.g. Schuiman & Ridcal, 1937), and the invest!- 
galscm these complexes is a matter of fundamental interest 
frexn the pmnt of \iew of permeability studies. 

Tmdm$$ md Pkyskd State of the Plasma Membrane. There is no 
adequate evidence d the thickness of the protein layers, but three 
lirws d mdence are available in the case of the lipoid layer. 
EJfctrical impedai:M:e studies have shown that the thickness of this 
layer is of the order of M A.* Gorter & Grendei (1925 found 
iJkAt there is sufficient lipoid in erythrocytes to make a layer two 
®i<kccij« thitk in the membrane, corresponding to a thickness 
of the «r4eT A. Schmitt et a!., from optical studies, conclude 
that the lipcftd layer may be no more than a few molecules thick. 
An inprfiious method of measuring the thickness of the red cell 
membraxR? is that of Waugh k Schmitt (1940) with an instrument 
wh»:h iht\ rail the Analyiical Lcptoscope. The essential principle 
mi h this apparatus is based consists of the comparison of 
tbe of light reflected from a dried erythrocyte ghost 

with tlut frwnd a step film of barium stearate of known thickness. 
laniAin stearate films may be made of graded thicknesses by the 
df building up successive double layers. Irx 
Fif, 17 ^ and I aie shown photographs of the step films side by 
^iih the erythrocyte freparations, and from these it is clear 
that the mthrocyte didi are lighter than the 7 d.l. (double 
.la%'rrs stearate film'; in one print and darker than the 5 d.l. 
mxp on oibr; are fairly close to the 6 d.l. step and may 
be a tfi^ The results of the thickness deter- 

d raW»t mthrocyte preparations are shown in Fig. 18, 
m is plcRted ^aimt the of the haemoiysing 

we Mte that the thickm:^ has a maximum value 
^ Jlu at 0L €. Tim cemn^po-nds mewre nearly to the 

mxm.tTm ^mmt d seninr' protein tlum to that of haemoglobin. 


fc* tri ’ 


" y ; «■ aw Fiiste flids; ; for kmacf%es, Fridkc & Curtis (1935); 
*. 0 .ata iSmr,&wArimm:.Jhkrm,aa&mpm« 

A. 'iwara , CkA: & Conii < 1 * 18 ). 
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,Fm>. 17. Photographs of erythrocyte preparations and different step films as 
>een through the leptoscope. The 6 double-layer (DLS) photographs in the 
two figures are not comparable with each other. The round discs are the ery- 
throcytes, which should be compared with the multilayers on the right of the 
photographs. 


{Facing page 66 ) 
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» lower curve represents the thickness of cells extracted with 
•d solvents and hence probably represents the thickness of 
rotein constituents of the erythrocyte ghost which, of course, 

• be in the membrane or exist as a stroma throughout the cell, 
measurements represented by the curves in Fig. 18 were 
. on ghosts allowed to stand just 1 min. in their haemolysing 

• m; if the time is protracted, a progressive loss of thickness 



erythrbcyte envelope as a function 
« of the haemolysing solution. The upper and lower curves represent 
respectively the thickness of the whole envelopes and of the envelopes after 
attraction in organic solvents. 

IS dDKrved due to the loss of both lipoids and proteins from the 
ghost; the authors suggest that the cause for this is the low 
electrolyte content of the medium. Thus, in the case of the 
e^throcyte, there is a satisfactory upper limit for the thickness 
0 1-4 molecules, corresponding to a thickness of about 50 A. 
former cells evidence rests solely on impedance studies, and is 
*P«ident on assuming a value for the dielectric constant of the 
layer (DanielU, 1935). Even so, however, it is probably 
, P’trposes of calculation, to take 100 A. as an upper limit 

(ST ti^ thickness of the lipoid layer. 
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With to tlif' ph'^siciil sititc of iricnit)r3.rics h3.\ing the 

and chcniiral composition discussed above, it is quite 
rirar tiia! the pissibilities are limited and, as a result of the 
of the last thirts years on surface films, fairly well defined. So 
far as protoplasm in other regions of the cell is concerned, it has 
not yet proved possiide to obtain any idea of the submicroscopic 
structures ccMKerned. I his, no doubt, is due to the fact that 
ph«ical Hieticr h;is, as yet, only just begun to develop the theon- 
atid technique of dealing svith structures composed of micella, 
lor example, hisjhiy significant studies of long-range forc^ 
f)et\\eeti nticeiles. acting over distances of between 1 A. and I jt. 



Fiv. bketch of «truciure of colloid micelle. 

h^%T made by Levine (1939 and by Langmuir (lOSSfj : 
thi^s however, but touch upon the fringe of the complexities of 
pnn ".plasm,, and it b indeed very probable that the refinement of 
X-rav technique and of the electron microscope are essentia! 
r' .-.i-r' ■■r v the anahisis of protoplasmic structure. In dealing 
v%iih fhe celi membrane, which is the surface layer of protoplasm, 
vie are in a inewe ftwriunate position. Insoluble fatty molecules 
in an aqueous phase can be arranged in tw*o ways only, in micelles 
aMl, m films. In micelles the minimum thickness is nvo molecules: 
mdiViduai rnc^ecules are arranged with their polar groups in the 
pha^, tteir non-polar GHg and CH groups oriented 
icmmiib entire d" the a^regate, forming a minute droplet of 
mmt m km Eqiacl hydrocarbon (Fig. 19). In films the minimum 
m a layer tw'o molecules thick (Fig. loj, in 
wlikh tfe pciar ^ each layer are in an oil-water interface, 

tlm htdrocarten mMl^ rK#* ^n^Ar-arrlc tn 
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inake a thin film of more or less liquid hydrocarbon. Such films 
and micelles are probably also stable when more than two 
molecules thick, but the surface layers must retain the orientation 
of these two elementary forms. All other forms of arrangement 
of these molecules are subject to disruption by surface-tension 
forces Danielli, 1936; 

It is, of course, not easy to say whether the lipoids composing 
the plasma membrane will be in the form of a film composed of 
rigidly oriented molecules held together by \’an der Waals’ 
fiTces of adhesion, i.e. in the form of a solid film, or whether the 
molecules will be in a less rigid structure which will allow them 
a certain independence of movement. The probability is that the 
molecules of the lipoid will be arranged in the latter manner, since 
in thickness the membrane approximates to two monolayers; 
monolayers of steroids and of glycerides are rarely solid films in 
the physiological temperature' range {vide e.g. Adam, 1938). 
Proteins may form membranes by cross-linkage of polypeptide 
chains arranged in bundles, by formation of S — S linkages, for 
example, such as stabilise wool fibres (Astbury, 1938; Goddard 
& Michaelis, 1934). Such membranes would have a high degree 
of stability. They may also form very stable films one molecule 
thick by adsorption at oil-water interfaces, if the interface is 
liquid (Danielli, 1938). At an oil-water interface even the 
globular proteins unroll into thin sheets or long chains, which are 
oriented so that the hydrocarbon residues of the amino acids are 
incorporated in the oil layer, whilst the polar groups remain in 
the aqueous phase. Such films may be liquid or elastic solids. 
The hydrocarbon residues anchor the molecule to the oil layer, 
so that. when unfolded and adsorbed in this way, the original 
solubility is completely lost, and the resulting protein film of 
between 5 and 50 A. in thickness is quite stable. Globular protein 
molecules may adsorb in one or more layers on to such an un- 
folded protein film (Fig, 20), or on to a solid fatty surface, without 
losing the globular condition (Langmuir, 1938Z>). Such layers, 
k^wcver, probably contribute little to the mechanical strength of 
the membrane. 

Dc Jongh & Bonner (1935) have suggested that phospholipins may form 
lim^cailar layers with the polar groups directed inwards. In this special case 
st^i^ty may perhaps be achieved by salt formation between NH^ and COgH 
diM; opposing layers of the film. 



<W|I 1" It t ' ^ T R fc t J ^ 7' II E P L. A S A MEMBRANE 

VSe h.i\f alwadv seen that the membrane contains both lipoid 
and protein, so tliat if the latter is adsorbed on the surface of the 
iipoKl one may expec t it to l)e in the form of the stable films 
destnlied by Danieili H«ts , and it is possible that its presence 
m^v impart to the remainder of the membrane a structural 
vihditv which the lipoids alone could not achieve. The presence 


Pclar gT<>u|M 



f ^ \ Nkcic h id gbbttlar jMturm moleciiles adsorbed on to a film of unrolled 

n^kciik$ previously adsorbed at an oil- water interface. 

^ a crc^-Iifiked meshwork of polypeptide chains, such as one 
wf^d empect were the adsorbed protein to unfold itself on the 
cei surface, may ^rhaps account for the sieve-like properties 
to be described in later chapters. 

Tlbe membrane of ceils is probably too 

thin fm m ^ its ultra-stnK:ture to be made by X-ray 

diflract«M&ir : Scfajisitt &. Palmer (1940) have made a 

df X-ray diffiacdon spectra of lipoids and 
fmmtkm aal rf ^ warm mjm myelm ^cath. This sheath is a 
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illirk lipo-protein structure, and it seems clear that it is not the 
functional membrane which separates the axoplasm of the nerv-e 
from its einironment, yet it seems that this sheath is built up on a 
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Fig. 21. Stereochemical formulae of certain nerve lipides. 


^milar plan to that of the thinner selectively permeable membrane 
d the nerve and other cells (Schmitt & Bear, 1939). For this 
rem>o a few of the outstanding points brought out by the work 
irf Schmitt & Palmer may be mentioned. In Fig. 21 are presented 
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tlie Structural formulae of some of the lipoid molecules known to 
pre^^nt m cel! membranes, and in Fig. 22 are shown the 
ciiHracijon sparings of the dry lipoids singly and in mixtures and 
fhmr for an extract of the lipoids from the spinal chord and 
kw the dricti and otherwise* intact motor nerve root. The small 
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I?-; If bofizy-nmUy.. and visually estimated intensities, 

*.-4 dUfrartiom obtaiseci from pure and imxed lipoids and 

Ir^ra dr\ Ltr-^r 

fMciap SO the left indicate the lateral spacing between oriented 
ijpoid moiccuirs; ihr larger ones to the right show the thickness 
of iw:cessj\ e layers oi the iipc«d ; it is to be noted that there is a 
large spacisf erf about I6(i A. in the dried motor root which is 
with ih* dry lipc^ naixtures, and this large identity 
pcrwd is evidence fw asuining that in the nerv'c sheath 

emm into the stnictina! pattern. Knowing the thickness 
tl* bmwieeiiiar fa^iets of lipowfa, the thickness of the protein 
cournkstioe m the xhaiiity period would be about 25 A., on the 
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assumption that there are two bimolecular leaflets to each period. 
In Fi^. -3 ts shown a diagrammatic representation of the effects 
of increasing the amount of water with which brain lipoids were 
emulsifltid on the spacings determined by X-ray methods; the 
lari^e amounts of water which can be held by an oriented frame- 
^vork of lipoids is indeed surprising and it seems probable that 



Fig. 23. Schematic representation of the thickness of the water layers between 
i:^olccular leaflets of mixed lipoids as a function of the relative amount of 
^atcr with w’hich the lipoids were emulsified. Points represent values obtained 
when the water content was 0 (dry), 25, 50, 67 and 75%. 

the absence of a high degree of selective permeability in the nerve 
sheath is associated with the presence of areas of large water 
content. For further discussion of this interesting branch of 
n^mbrane study, especially in regard to the exact localisation 
oi the protein and water constituents of the sheath and the 
effects of ions and narcotic substances on the fundamental 
toictural pattern, the reader is referred to the papers of 
^diimtt (1936, 1939), Schmitt & Palmer (1940) and Schmitt 
& Bear (1939). 
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CHAPTER \ II 


THE ISTERPEETAJTOy OF PERMEABILITY 
measurements 


By F. Daniell! 

Wt im%r statfd earlier that permeability studies are rarely made 
umpi% to obtain a \kx of constants for difierent substances, but 
ratlirr obtain inft>noation on the morpholog\* and physiology' 
id ikhtt passing to their presentation we must 

Mxmiimh comider to \%hn extent we can interpret the experi- 
mmad rrsulis m m to obtain this information. The paucity of 
ddiniie corrrkiions l>et\^een permeability changes and cell or 
functioii has also been emphasised earlier, so that the 
ii-itcrpr^atiims are mainly concerned with in this chapter are 
ik:»r %hich aid m the elucidation of membrane structure. 

I Mmbfim ^ . The w ork of Overton (' 1 895-1 900) introduced 
the ir%t pfimipk of membrane structural analysis. Overton 
tmiid fLit i.ub-!ances penetrate cells in the same relative order 
m the «.fder iA the oil-v\atfr partition coefHcients. Table V shows 
M ivpical example, taken from the experiments of Collander & 
Baflund cm Since this work of Overton it has 

Iwtfi trr^aliy assumed that such a correlation indicates the 
ptaimTC a large pro|K>nioa of lipoid material in the plasma 
airf that substances with high oil-water partition 
prr^traie rapidly because they are more soluble in the 
h^m4 imtf- In spile erf occasional criticism, e.g. by Bayliss (1931^ , 
tfm hyp'^hfsis has held its ground and has now, more than 
f*m% vrarf alter its inception, been formally demonstrated 
Dariiel 

Ii wm m one time thought jxissible that preferential per- 
Wii? lifx>id soluble sukiances could be due to proteins, 
have a coiBiderablc amount of fatty side- 
efaim- ^ (11^), investigating gelatin membranes, 

wm m isemw any pefi^oitial permeability to lipoid 

Maay proteins have more extensive 
rf tlaii imm gelatin, but in the view” 

^ at eyplairt such a degree 
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of preferential permeability to lipoids as is found with Beggiatoa, 
and even in this case we suspect that lipoid molecules are probably 
also incorporated in the membrane. 

table V. Showing the correlation between permeability 
and the olive oil: water partition coefficient ( B)i FOR 
‘‘ieaf” cells of Chara ceratophylla (Ool.-LA-N-D'E.K & Barlund) 


Substance 

P 

BxlO^ 

Methyl alcohol 

0-99 

0-78 

Glycerol ethyl ether 

0-077 

0-74 

Propylene glycol 

0-087 

0-57 

Glycerol methyl ether 

0-043 

0-26 

Ethylene glycol 

0-043 

0-049 

Glycerol 

0-00074 

0-007 

En-’thritol 

0-000046 

0-003 


In many cases it happens that permeability also runs parallel 
to surface activity, i.e. to the power of substances to accumulate 
at an air- water or an oil-water interface, and this led Traube 
il&CM:, etc,) to postulate an alternative mechanism to that of 
Overton, in which passage of substances was supposed to be 
facilitated by an initial increase in concentration, due to adsorp- 
tion, at the cell surface. Partition coefficients run parallel to 
surface activity in the majority of cases, so that it was somewhat 
difficult to distinguish between the two hypotheses. This difficulty 
was further increased by the somewhat indiscriminate use of 
air-water, instead of the more appropriate oil-water interfaces, to 
measure surface activity. However, Traube’s theory seems now 
to have fallen into general discredit, and his hypothesis is certainly 
not operative in many cases; consequently, in presenting the 
experimental evidence, Overton’s hypothesis will be used through- 
out. There are, how^ever, certain cases to which Traube’s hypothesis 
is accurately applicable, as will be indicated in Chapter xxi. 

Porous Membranes. Later it became evident that many mem- 
branes behave as though they w’^ere molecular sieves. A uniform 
molecular sieve will allow free passage of all molecules up to a 
certain diameter, and all molecules of greater diameter will be 
unable to penetrate. More generally, however — at least with arti- 
Ikiai porous membranes — there appear to be a great many small 
|K)res but only a few large ones, so that penetration is restricted as 
SM^ecular size is increased, without any sharp division appearing 
between penetrating and non-penetrating molecules. Only by 
^ing very great care in preparation is it possible to obtain a 



the isterpretatiok of 

uniform port uze, as is the case with e.g. the membranes of Mane- 
goJd k Bj«rum 192",o Eiford llSSt), 1933; and of Erbe .1933 , 
i[iv(;stigatioiis of porous collodion membranes were 
miebyGdlandcr 1924, 1926„byFujita (1926, and by Michaelis 
4 Fujita 1923'. Table VI shows some typical results, (a, for a 
vm permeable membrane, and [b) for a less permeable membrane. 


T.yBLE VI. Valces of PSH and MRb for two 

COLLODION MEMBRANES 



very permeable less permeable 

MRd 

Methvi 

e-9 

5*2 

8*2 


7'S 

2-0 

12-8 

akc/bol 

T'T 

0-8 

17-5 

fen'l 

7*3 

0-7 

22*2 

Etliykf^ glyttil 

6-3 

7'B 

0-2 

0-21 

14*4 

20-6 


73 

0-0 

37*0 


Vm M€mimk ihroygh large pores the laws for simple uncom- 
plicaic^ diffiBion ihouk! apply; in this event the product Pi/* 
el tht pern^fability coristant and the square root of the mass of 
ihr prf^raiing molecules should be a constant (Thovert, 1910 ; 
buf hf dtffmKm throusjh narrow pores, having the same order 
^ dimwitt as the diffusing molecules, PM^ should fall off as the 
diaHM^ter increases -^Daniellii. In Table \T values of 
»Qlecul^ refraction MRjf are given instead of molecular 
diaoietcfi-. Molcciiiar diameter varies approximately as {MRd \ 
so that salues arc a good guide to molecular diameters, for 
in«ideraidv soiaO molecules. It will be seen from the table that 
the PSP valttes do vary in this way, and that there is no evidence 
of pfrierentia! permeability by cither the lipoid soluble series, 
rihU alcohol, propyl alcohol, butyl alcohol, or 
hM the soluble ^ries, methyl alcohol, ethylene glycol, 

fhccroL giuct^, in the case <ff membrane {a}. In the case of 
k , P.il* lor glycol is only a quarter of the value for 
^.^yi aic^iol, although propyl alcohol has a larger value of 
ita® km glycol. The same is true for butyl alcohol and 
It B cfcar whether this is due to propyl and butyl 
hm^ the walls of the pores or dissolved in 

^ ll^ pemfeimiMt, ewr to the configuration of the 
pvii^ tten a efian^te*, across one axis, less 

rf ^ p%h^ric ^'3^ all 
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Calculation of PM^ values* is thus a convenient measure for 
examining the nature of the pore factor in a simple porous 
membrane : if PM^ is constant, the pore diameter must be much 
greater than that of the penetrating molecules; if at a certain 
molecular size PM^ values fall practically to zero, the pore size 
must l>e that of the limiting molecular size: if PM- values fall 
10 zero over a wide range of molecular size, the membranes 
probably contain pores of diverse sizes, ft For further discussion 
of these points, Weech & Michaelis (1928) and Hober (1936) 
should be consulted. 

Porous Lipoid Membranes. Obviously such simple arguments will 
not sufHce for a porous lipoid membrane, or for a homogeneous 
li|K>id membrane superimposed upon a porous membrane. The 
former case should theoretically behave in the following manner : 
ethylene glycol, glycerol, erythritol, mannitol, monosaccharides, 
disaccharides should diffuse almost exclusively through the pores, 
i.e. in water, and should therefore obey the relationship 
/>3/is= constant. If there are very few pores, glycol and glycerol 
may have values of PM^ higher than is found for the other sub- 
stances, due to a relatively significant amount diffusing through the 
Iip>aid areas. Thus for glycol, if we consider only the resistance to 
diffusion imposed by a membrane 100 thick, the amount diffusing 
through the lipoid will be approximately equal to the amount 
going through the pores if the pores occupy only 1/10® of the area 
of the membrane. For glycerol the two effects will only be equal 
when the pores occupy I/IO^^ less of the total area. In such 
cases the existence of the pores, if they* are large, will always be 
revealed by the constancy of PM^ for the large molecules. It is 
doubtful whether a very few small pores could be detected, since 
they would never significantly alter the permeability to any type 
of substance. Fatty substances will diffuse through the water- 
filled pores, obeying the relationship PM- = constant, and in the 
mterior of the lipoid material the relationship PM^ = constant 
may possibly hold also. But entry into the lipoid layer will be 
roughly proportional to the oil-water partition coefficient, which 
varies enormously and has no relationship to M^. Hence, if a 

Ch^^mally the ratio P/P, where D is the Fick diffusion constant, was used. 
IfP/P is constant, the pore size must be large, etc. But also constant, 

topKX constant. This is a more useful relationship, since M is much more 
knenvn than isD.tt 



the interpretation of 

bffe nuin^r of fatty sutetances were studied, we should find 
a ^neral tmdfm for P to fail as M increases; (b) a general 
fmPto rise as the oil-water partition coefficient increases. 

Htmrver. these remarks have ixren based entirely on theoretical 
cr^deratitms, and insufficient work has been done upon the 
lixrrrruhilhv lipoid membranes of known structure for us to 
Mate cctn^ntly that th^ conclusions are correct. 

CMiawIcr & Barlund dealing with porosity super- 

tmfxmd u^fi a lipoid membrane, have suggested that P should 
be pktifd agamsi oil-water partition coefficient, and that if, on 
mch a fraph, a systematic relationship is revealed between P and 
rmj^uiar volume fc«r each given value of the partition coefficient, 
tuch that tbf smaller the molecules the higher the permeability, 
may infer that the membrane is porous in some way. 
Tbti hm been further diMrussed by Collander (1937;. 

M 9 -mu Mmkrm^s, The suggestion was first advanced by 
KadiaiMMi (IMH that cell-plasma membranes may’ be mosaics, 
<€ areas of different properties. This concept differs 
fr«fi tfof p«e concept in that, in the latter case, a discriminatoiy’ 
factor selects molecules according to their size, so that the dis- 
enmuta tame uruis must be of the dimensions of molecular diameters. 
1^ awrcording to the mosaic theory* discrimination is exerted not 
to fM^ecuiar size, but according to the chemical and 
prt^pcnics of penetrating molecules; in this case the 
dbariminatin^ units may be very* large, and may consist of areas 
€i B^ftv thcH^nds of molecular diameters in extent. This sug- 
has been more recently examined by Hober (1936;. Bui 
nwxlmnr prtMd existence of membranes of this type has 
vri to given. Tlw^re are a number of cases in which it is certain 
that thr ceil risrembrane is not hoaxKDgcneous, but what form this 
i,tthosK;icermty takes, wheth^ it is a pore structure or a mosaic, 
can mh be decidi^ by more clabewrate researches than have yet 
bmi mmkft^ken. 

Tests. Recently, by applying the theory of activated 
to ^m^ane problems, Danielli (Appendix A; has 
a nfflabcf quantitaiive tests for investigating the 
hs.vmo^'fmrv of the cell TIwsc are: (a) If slowdy pene- 

''rri\:r;.ir molecules obey the relatirndbip FM* constant, 
TTir'jr.tTiKe B hc’SiogerNTous to a first appcoximatioii. The Qi§ 
is tMt ^ If tfib rdatioiiship is not obeyed, the 
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membrane cannot be homogeneous. Molecules used for this test 
must be chosen according to the method given by Danieili 
\ppendix A): the same molecular species cannot be used in- 
discriminately for examining all cells, since some molecules enter 
one type of cell slowly, and other types of cell rapidly, {b) If for 
anv two molecules PM^ for the molecule with the lower is not 
0 ^ater than PM- for the molecule with the higher the 

membrane is not homogeneous, (c) If for slowly penetrating 
2oQ0x 

molecules PM- e plotted against oil-water partition co- 
efficients,* or for rapidly penetrating molecules PM- plotted 
against partition coefficient, gives a roughly linear relationship, 
the membrane is probably homogeneous to a first approximation. 
These relationships are a little difficult to use in practice, since oil- 
water partition coefficients vary greatly in value for different oils, 
^ that it is not possible to predict the exact values which are true 
for the membrane of any particular cell. 

These three tests, (a), (b) and (c), are strictly valid only for 
molecules which have an exterior surface almost entirely com- 
|K)sed of polar groups, such as the polyhydric alcohols and sugars. 
To what extent the method is valid for molecules containing 
non-polar groups, such as the series of monohydric alcohols 
methyl, ethyl, propyl, butyl, etc. alcohols), requires further 
experimental investigation. 

Even these quantitative tests must be taken as provisional only, 
owing to our ignorance of some of the details of the mechanism 
diffusion. Thus they are all dependent to some extent on the 
accuracy of equation (53) (Appendix A) . 

Electrical Measurements. The main assumption at the base of 
these measurements is that a change in the permeability of the 
membrane to ions will be reflected in a change in the electrical 
resistance and capacity of a cell or tissue. If a membrane is less 
permeable to any ionic species than is the surrounding medium, the 
cell will behave as a condenser in an electrical field; the efficiency 
of this cell as an electrical condenser will depend on the degree 
rf impermeability of the various ions; consequently^ if marked 
changes in the capacity of a cell suspension or tissue are observed 
whm the environment is changed or when the tissue under- 
go^ ^tivity, the changes may be due to variation in the ionic 

♦ X equals number of non-polar groups, such as GHg, per molecule. 
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peruMrabiliiy rtf the membrane. On the other hand, sometimes the 
resiManrr ‘ i.e. permeability to ions may change greatly wiihow 
much change of capacity. A variety of such measurements art 
to be found in the literature, e.g. by Hober, Osterhout, Gordon 
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<^%in of a potential across a cation- 
t^'O salt solutions of unequal concentration. 

4 Mcfieiidoii, LAiliics, Schmitt, Blinks, Hodgkin, 

Fricke, Curtis, etc. (see Chapter xv). A more 

m to Bf^aiure the electrostatic potential difference 
; interpretation is, however, complicated 
hw the f^l <^Bar¥’cd are usually rather closely 

'\4i?h cel mclaboEsm. 

i^y often be used to decide whether 
m mm® m cadkMi permeable ; the principle 
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used is based on the difference in sign of the potential found across 
the membrane when the two sides of the membrane are bathed 
in salt solutions of different concentrations. If the side with the 
hiriier concentration has a residual negative charge, then it 
follows that cations must be penetrating the membrane more 
rapidly than anions, the anions being “left behind” by the 
rations diffusing into the membrane from both the dilute and 
concentrated solutions, as shown in Fig. 24, but the stronger 
effect will be produced on the more concentrated side; hence the 
latter side will be more negative. Mutatis mutandis^ if the membrane 
is preferentially permeable to anions, the more concentrated 
solution will be positive. This argument however is inexact, 
although it usually leads to a correct conclusion. Chapter xv 
should be consulted for a detailed consideration of potential 
measurements. 

Use of Narcotics and Enzyme Poisons^ etc. In many cases it is not 
clear whether the permeability observed is the result of a simple 
diffusion process, or of a secretory process. In the latter case the 
rate of penetration should be a function of metabolism. Whether 
this is so or not can be ascertained in some cases by either 
remo\ing the normal metabolites used, such as oxygen and 
glucose, or by adding an enzyme poison such as cyanide, fluoride, 
etc. Such investigations have been made by Hober (1933), Huf 

1936) , Kekwick & Harvey (1934), Hunter (1936), Wilbrandt 

1937) , Davson & Danielli (1938) and Davson & Quilliam (1940), 
among others. 
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CHAPTER VIII 


permeabilitt to mon-electrolttes 

By J. F. Danielli 

By non-eiectrolytes we refer to substances which, over the 
physiological range, exist in a non-ionic form only and w’-hich 
also penetrate in an unionised form. Other substances (weak acids 
and weak bases) penetrate in most cases mainly in the unionised 
form, but they present several special problems which make it 
preferable to deal with them separately. 

Within the group of non-electrolytes a wide diversity of 
chemical and physical characteristics is still possible. Consider 
the molecular series hexane, propyl alcohol, urea and glycerol. 
Hexane has an olive oil: water partition coefficient of about 500, 
whereas that of glycerol is 0*00007. Propyl alcohol and urea have 
intermediate values of about 0*1 and 0*00015. Thus there is a 
difference of ten million-fold between the relative ‘‘affinities*’ of 


Hexane 

Propyl alcohol 

Urea 

Glycerol 

CH3 

CH3 

NH, 

1 

CH,OH 

CH, 

j 

CH, 

j “ 

(io 

1 

CHOH 

1 

CH3 

! 

CH, 

i 

CH, 

i 

CH3 

GH2OH 

j 

NH, 

1 

CHoOH 


hexane and glycerol for water and oil. It is not surprising that 
enormous differences between molecules should lead to great 
differences in permeability, provided the membrane to be pene- 
trated can distinguish between molecules by virtue of these specific 
characteristics. Thus in water the dominant variable affecting 
the rate of diffusion on passing from one of the molecules to 
another is the molecular weight, so that the relative rates of 
penetration of a water layer are as 1*0 : 0*83 : 0*83 : 1*02; i.e. 
thare is very little difference between the rates. In diffusing 
thrmig^ e.g. a collodion membrane between two water layers, the 
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dmnmmmilm factor is molecular diameter, and again there 
wrmM be \er\- little difference between these four molecules. 
Fujita found uith two different collodion membranes the following 
rrlmivt firrmeabilitirs for the last three of these substances: 
mrmhmm F F<h b-S; membrane ■2) 1-0, 0*97, 0*21. On 
tF^ other hand, with cell membranes the ratios would l>e, roughly. 
hsArie gt^ater than 1*0 : propyl alcohol 1*0 : urea 0*005 : glycemi 
The discrimination now is between molecules of different 
pdM cliaracier, the least polar penetrating most rapidly, the 
polar le^t rapidly. Bearing in mind these very large 
differerrfes which may exist beiw’een different non-eiectrolyte 
iwiecalrf, we may now’ proceed to consider the permeability of 
3 nunilirr td different types of membranes. 

Tk of the Erythmcyk. The earliest systematic studies 

m the i^rmeability of er\Throcytes to non-electrolytes arc those 
^dGnym and of Hedin (1897^,, and it will be seen that, 

alihotj^h tl^ir wwk was done so long ago, at a time when even 
the conceptifMt of the eiv’throcyte as a cell had first to be argued, 
their rrfults are largely upheld by later work; in fact, it is worth 
tr>ut that the w ork of Hedin was carried out under more 
MrK ti\ omditions than most of the later investiga- 

nwii iHi r^on-rlectroh'te permeability. 

<;^ianiiiame work on the er\Throcyte is comparatively recent, 
and b almost entirely hmed on the haemolysis technique. The 
quantitative anah’sis of times of haemolysis is almost entirely due 
m Jact:d-» aiMi his colleagues. For many points we are still de- 
pendent qualitative evidence. 

Cirivns fir^i show«i, by chemical methods, that urea added to 
chic’krn bli«;d ii equally distributed betw’cen cells and scrum. 
He tberi, using the haemohm method, show’ed that the following 
.rMMfc-e^ctrdyics did not penetrate the cell at all: amino acids, 
iimitol, disacchamkfes. The following substances 
^mfm m p^ietiaie the cdl: liWDH, EtOH, glycerol, ethers, 
wtm^ pyrWine. 

wm in^reiied in whether the substances pene- 

tra^ m aini paid little attention to the 

M tWb pTOWsi occurred. However, he was able 
t# A-aw ^ that ‘‘ml^tanccs with the same 

• jsaasy cases where speciiEic fadtofs cause displacentfcattt 
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hemical groupings behave similarly ”, which with modifications 
relating to the size of the molecules, and the distribution of the 
CTOups in them, may be upheld to-day. 

Hedin, using the method of freezing-point depression, and ox 
bltKxi obtained the results summarised in Table VII. He discusses 
hk results in relation to Overton’s theory of lipoid solubility, the 
ii»re rapidly penetrating substances being the more lipoid soluble 
substances, with the exception of urea and ethylene glycol. He 
enunciates the rule that with polyhydric alcohols the rate of 
penetration decreases with the number of OH groups in the 
molecule. Thus already the principle of the importance of specific 
chemical groupings in regard to permeability had been brought out. 

TABLE VII. Permeability of ox erythrocytes 
(Hedin, 1897) 

Cane sugar) 

Dextrose > Do not penetrate 

Galactose i 

.\rabinose 

Mannitol - Penetrate only slightly within 24 hours 

Adonitol j 

Ethylene glycol) Penetrate in the order given, times for completion of the 
Glvcerol * • process being a few minutes for ethylene glycol, less than 
Eriihritol j 2 hours for glycerol and greater than 28 hours for erythritol 

.\mides j 
Urea 

Aldehydes - Penetrate too rapidly for rates to be compared 

Reiones 

Ethers J 

Besides developing the above principle, the results of Kozawa 
1914), using a haemolysis technique, led to the conception of 
real differences in permeability ac’cording to the species of 
erythrocyte studied. Thus with human erythrocytes he found the 
results shown in Table VIII. The erythrocytes of the ape {Macacus 
rhesus) behaved in the same way as human erythrocytes. It was 

TABLE VIII. Permeability of human erythrocytes 
(Kozawa, 1914) 

Pameable to: Arabinose, xylose, galactose, mannose, sorbose, 

glucose, laevulose 
^|htly permeable to: Adonitol 

Is^omeable to : Cane sugar, maltose, lactose, glucoheptose, 

methylglucoside, galactoside, glycine, alanine, 
mannitol, dulcitol 
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fwind, however, that the erythrocytes of the ox, pig, rabbit, 
(^rtea-pig, goat, orsc, camel and cat were all impermeable to 
‘ ^ »ui»taticM co^i ered; dog cells were shown to be permeable 
to gltjcose. 1 he important point was also made that isomeric 


lhBt% IX. 

C.l^€t*fiL 


55>pfc»r» 

Rat 

RaMMt 

Mmi 

Cm 

Oi 

J ar:': 1 


Times of 

sotnios, '"'■ ethyle.n-e glycol .tM, 

fOR Different species Jacobs, 1931 


Time i: 


in seconds for To^q haemolysis 


'll 

in NaU 

4- i^j 

Mm* 

5- W 
sS5 
i'll) 

tm 

%-m 

3-^1 
I 9ri 


in glycol 
6'H 

U-3 
15-7 
12-6 
^•6 
n-z 
ut 
35 1 
24 1 


f3 




\^Ll. 




In glycerol 

(1, 

1 

*19 

0-5 

3-5 

39 

1-9 

12-9 

N» 

2*2 

218 

190 

2-1 

3;s-2 

43 

0-5 

5-1 

irj4S 

3-7 

253-0 

1222 

5-9 

459«) 

1024 

4-0 

340- 0 

2325 

83 

012-O 

1023 

11-7 

S50U 






IB *1/ NaCl ; column (2) that in ethylene 
^ dial in glycerol-r0'02 3/ XaCl 


S|3iec'W»i 

^ H, pftg, ra^i, m 

Nknar 


X. (Clrich, 1934 

Substance 
Jjexoses mannitol 

mannitol, dulcitol 
glycine, alanine 


Penetration 
Not at all 
Not at ail 
Rapid 
Penetrate 


Smcf Kozawd's work anrw 

made n*.»e detailed studi^^r*^’ ® i“'’estigators have 

species. In 1 able IX sont ™ variation in permeability with 
id penetration of eUivlen Jacobs on the relative rates 

d ten specks arc shown “*1 glycerol into the cells 

«w4ysik which are, verv ^ given in times of hae- 

peraaeabaity. The ^yh^ *^^’^***^’ inversely proportional to 
uoAheA ttix^ a species alcohols and sugars have been 

ate liMvwB in Uiri^h (1934), whose 

arvt^BaL Ac &«».,, polyhydric alcohol, 

• I, *j3 i_ _ ^ found for 75 % haemolysis.'* 

*fao» 




*» (Ifi^) rxamlis on loss of potassium in 
*kat tinm haemolysis of more than 
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TABLE XL Haemolysis in erythritol solutions 


Species 

Time for 75 % haer 

O.X 

8 hours 

Rat 

6 hours 

Pig 

5 hours 

Rabbit 

3*5 hours 

Man 

1-75 hours 

Mouse 

Few minutes 


Jacobs & Glassman in a preliminary report (1937) give a brief 
account of results on species characteristics, the most important of 
which are summarised below. The permeabilities to glycerol, urea 
and thiourea of the erythrocytes of 9 species of elasmobranch, 
14 of teleosts, 2 frogs, 6 turtles, 4 snakes and 4 birds were com- 
pared. The following generalisations may be made : 

Fshes. Ethylene glycol penetrates fastest. Urea and thiourea highly 
variable from species to species. Thiourea usually faster than 
urea. 

Birds. Glycol and glycerol penetrate very rapidly at nearly equal 
rates. Thiourea much slower, urea slowest. 

Reptiles. Urea relatively rapid, glycol next; thiourea much slower. 
Permeability to glycerol only slight. 

Mammals. Urea very rapid; ethylene glycol much slower and thiourea 
still slower. 

The most interesting features of the work so far described on 
species characteristics are first, that species may be grouped in 
accordance with their permeability to a given substance, e.g. 
glycerol; second, that many species show a specially high 
jK^rmeability to a given substance which is out of all proportion 
to its permeability to other substances; e.g. human cells are 
permeable to glucose, whilst rat and mouse cells are not at all 
l^rmeable to glucose, but are more permeable to glycerol than 
are human cells: further, mouse cells are permeable to the poly- 
hydric alcohols, sorbitol, mannitol and dulcitol, whilst human 
(^Ils are not. 

So far enough has been said of species characteristics per se for 
the reader to appreciate how real and significant they are; in the 
kto parts of this section further species characteristics will be 
iMMight out in relation to other* phenomena of non-electrolyte 
penetration. 
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Thr question of the relation of the rate of penetration of a 
tulwunce with a low lipoid solubility to its molecular volume has 
been im estimated by Mond & Hoffmann 0928) and Mond & 
(iertr 1929 . More recently HoIrt & Orskov ^1933/ have made 
a more exiensive siudv trom the same point of \iev\, and, as their 
r«u]u agiee with those of Mond & Hoffmann, it will be sufficient 
to GUM alone. 

metkMl used was the haemolysis technique, and some of 
the results have been collecied in Table XII. The figures in the 
tabk ate valua of where q = dme of haemolysis 

m IN^ilNaCl and of haemolysis in non-electrolyte 

^(MeilNaCl In this way differences in the fragility of the 
relit 44re to extent discounted. 


Relative times f of haemolysis of erythroc:ytl< 

Of HlffEEEKT NON-ELECTROLYTES .'SEE TEXT FOR 


imnoN Of 

f; ^HoiER 

& Orskov, 1933 



.Vnatiiide 

Propionamide 

Laciamide 

Malonamide 

MM. 


19 3 

21 

22-9 

Raj 

047 

045 

18*4 

107 

Mar 


1 LHI 

31*5 

1025 

i>« 


1 70 

72*0 

S9h 


Trea 

Methyl-urea 

Thiourea 


M R 

13-7 

lb 5 

19*0 


Ea? 

««^li 

1-9 

31*7 



03 

23 

57 


m 

i>4 

3*0 

119 



MeOH 

EtOH 

PrOH 

BuOH 

M R, 


12 K 



Rai 

o 

(^^11 

U-45 

0*45 



1^3 

0-3 

0*7 

Om 


-(Ht5 

003 

0*41 

NpKses 

€.hxiA 

GKcerol 

Erv'thritol 



114 . 

2i»-6 

26-8 


lAf 

i*-W 

4*7 

1,500 


Mm 

1-7 

m 

10,750 


Ck 


§50 

Infinite 



& c&ttdiMie that the absolute value of the 

Lc. the volume of the molecule, is only 
6ctor whas a pven series of homologous sub- 
m ibr this is clear from the table; 

e;srl! frospnf homologm® (Mrctoaicaliy .amilar substances the 
ite ^ i m ic volume increases. On the 
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other hand, for a given species, there is no correlation betw^een 
the rates of haemolysis and the molecular volumes when sub- 
sianccs belonging to different homologous series are used. The 
results of Hober & Orskov were extended to nine species and 
differences as striking as those described earlier were observed. 

TABLE XIII. (Jacobs etaLlQZo) 


Species 

Substance 

Time of haemolysis 
in seconds 

Ox 

Glycerol 

2169 

Triethylene glycol 

31 


Diethylene glycol 

58 


ay Dioxypropane 

114 


Ethylene glycol 

38 


ajS Dioxypropane 

14 


Propyl alcohol 

1 

Rabbit 

Glycerol 

51 


Triethylene glycol 

5 


Diethylene glycol 

27 


ay Dioxypropane 

82 


Ethylene glycol 

17 


a^ Dioxypropane 

7 


Propyl alcohol 

1-4 


The results of Hober & Orskov made it quite clear that besides 
the molecular volume of the molecule and its lipoid solubility, 
there is at least one other factor of importance in determining 
the permeability of a membrane to a given substance. Hedin’s 
finding that OH groups tend to slow the rate of penetration of 
a molecule has received ample confirmation in the study cf the 
comparative rates of penetration of sugars and their analogous 
polyhydric alcohols (with the exception in this case of the mouse 
erythrocyte). Further evidence of the importance of specific 
chemical groupings is given by the work just quoted of Hober 
k Onkov, and Fleischmann (1928) has shown that although 
glucose penetrates rapidly into the human erythrocyte, methyl 
glucoside does not penetrate at all, thus emphasising the im- 
|X>rtance of the groups in the sugar molecule. Quantitative 
werk on the effect of introducing OH groups into the propane 
molecule has been published by Jacobs et al. (1935) and is shown 
in Table XIII, and it is seen that on introducing successive OH 
grouf^ into this molecule the rate of penetration decreased with 
mJk group introduced. In the dihydroxy compound it is evident 
tii^ the position of the OH group is important, the compound 
with its OH groups on adjacent (aj8) carbon atoms penetrating 
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more rapidiy than that wth the OH groups at the ends of the 

nadrcule 'xy}. _ . . 

procfcdiii^ with the reiusining points oi importance in 

relatimi to non-dectrolyte permeabiHty it would be useful to 
rircapitubtc the principles derivable from the work so far de- 
scribed, as follows: apparently important variables are 
Species characteristics, 

{t) Lipoid solubility, 
fr Nfolecular volume, 

^d) Specific chemical groupings, 

> Position of the groups on the molecule. 

All d* the^ factors, with one possible exception, are of funda- 
mental im|K>rtance in determining the rate of penetration of a 
The exception is molecular volume. The results we 
haw en above show without doubt that, in any one homologous 

series, m molecular volume increases rate of penetration decreases. 
Bui many other properties of an homologous series vary^ in the 
tame way as molecular volume, so that whilst it is of interest to 
ol^erve this general parallelism between rate of penetration and 
rooleciiiar volume, a quantitative treatment is necessary before 
we can Ijc sure whether this correlation is fortuitous or not. 

Cim^imwni on the Simeture of Red Cell Membranes. !vfany results 
are available to show that if a series of cells, such as {a) rat, 

■ I hun^n, {€ m eryihrocy tes, is considered, substances are found 
to pemrate the cells in different orders. For example, Hober & 
Onkov i 19^ : found that wdth acetamide the order of speeds is 
rai > man > ox, w hereas with propyl alcohol the order is ox > man 
> rat. According to Jacol^ et ai (1935) glycerol penetrates in the 
CMticT rabbit > guinea-pig > rat > man > cat > ox ; but with thiourea 
the cmicT is cat > rat > rabbit > man > guinea-pig > ox. According 
m MMne authors the differences between such series are such that 
mxk only be accounted fewr by a mosaic structure of the plasma 
m at least some species; i.e. the membranes of these 
of areas of different chemical properties. To the 
wTiters tlw ^iew docs not seem to be well founded, since it 
i ^ qaafitative rather than on quantitative arguments, 
la )CIV aie pvw ’iraiiies the permeability, temperature 

J ® fm OEE red cells. The experimental 
data wane tmm Japdb M (1935) and the values of P 
by ^ ^lod df (1934). For the substances 
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^lyceroi, ay dioxypropane, diethylene glycol, triethylene glycol, the 
value of should be approximately constant, but not 

for the other molecules, if the membrane is a homogeneous lipoid 
laver.* It will be seen that this is the case, so that the membrane 
of ox red cells behaves, to a first approximation, as a homogeneous 

lipoid layer, tt 


TABLE XIV. 

Data 

FOR OX 

RED CELLS AT 

20= G. 

Substance 



^10 


Propyl alcohol 

10-6 

X 10-i« 

1-37 

Mx 10-10 

Urea 

7-8 

X 10-16 

1-86 

8-5 X 10"" 

Thiourea 

0-019 

X 10-16 

2-14 

1-7 X 10-" 

Glycol 

0-209 

X 10-16 

2-92 

2-0x10-2 

ajS'Dioxypropane 

0-405 

X 10-16 

3-75 

82 

Glycerol 

0-001 ' 

X 10-16 

3-65 

0-17 

ay Dioxypropane 

0-105 

X 10-16 

3-31 

0-48 

Diethylene glycol 

0-075 

X 10-16 

3-42 

1-16 

Triethylene glycol 

0-033 

X 10-16 

3-34 

0-28 


On the other hand, in the case of red cells of man, rat and 
rabbit, it can be shown that a small part of the surface of the 
ceil is specially adapted to allow passage of glycerol. Results of 
Jacobs et aL (1935) show that for these cells the S-io is about 1*2 for 
glycerol, and about 1*4 for urea. Consequently, if the membrane 
were homogeneous, glycerol should penetrate these cells more 
rapidly than urea.* But in fact urea penetrates thirty- five times 
or more faster than glycerol. This can only be accounted for if 
3% or less of the surface of these cells is specially differentiated 
to permit passage of glycerol at a high rate, f t 

The Influence of the Medium on Permeability of Cells to Kon-Electro- 
lyies. So far as we are aware, no extensive systematic study of this 
aspect of non-electrolyte permeability has been described and 
most of what is known arises out of accidental discoveries. The 
principal work in this field is that of Jacobs and of Davson. 

Jacobs et al. (1935) mentioned that “acidity’’ of the medium 
causes, with a group of species, a marked retardation of the rate 
of haemolysis in glycerol solutions * the effect seems to be confined 
to this molecule. These authors do not define the pH at which 
the effect of acidity shows itself. In the description of the 
equilibrium conditions of the erythrocyte in Chapter iii it was 

See C3iaptcr vii and Appendix A for the evidence and qualifications attending 
these statements. 



m FERMf.^BILITV TC) NON-ELECTROLYTES 

%hm%n that thr rion-eiecirolyte suspension medium is acid and 
iia\e a f-II ol o or even le^ss, so that the effect oi aciditv 
tirscnt)f'tl !)V Jacobs it aL must show itseif at even more acid 
rraciioiiv Davson has investigated the matter further and 

M>!3ie fr|irrseiii'ati\'e results on the rabbit erythrocyte, using a 
pht^pfiaie buffer, are sho\%'n in Table X\’, and it seems clear thai 
the rrtardiriii iniiuence of acidity begins at a pK of from 4-7 to 
4 ,1; howler, in view of the importance of the ionic strength of 
the medium in these almtBt completely electrolyte- free suspensions 
€4 er% throcytes, it is questionable whether the pH of the medium 
alone is of much signiicance. The fact that the effect of acidity 
ma^ Ije revealed bv the '"incautious breathing” of the investigator 
some idea ot the dithculiies encountered in a great deal of 
ihe \%iirk on pmetration of non-electrolytes. 

1 \|iLE XV. The Efitci of the of the medium on the ratl 

uf i.>F RABBII RED CELL" IN ISOTONIC GLYCEROL SOL! - 


NU'pensu n medium 
Ghi 

I'jihf’rTf -I buiier, /‘H 7-4 
'* GH«;rr< u buffer, /^H b-s 
3‘J (ViMfroi butfer. /jH .l-t* 

' *i« C jh t er< 4 butier, /?H o-a 
o ( *hcer\4 butier, /)H a-o 
’ ^ 3::! itl\ i rr* A buffer, pH i -:, 
(jlvceroi buffer. 4*;.» 


Time of haemolysis 

30 sec. 

4S sec. 

41 sec. 

39 sec. 

34 sec. 

30 sec. 

53 sec. 

320 sec. 


influence of the medium on permeability is described 
bv Jacofjs & Corson bJ34 in a short note. These authors state 
ihat miiiuir traces of copper in the solution of glycerol causes a 
|>ri mounceti retardation in the rate of haemolysis of certain species 
ol emhrscsies, aitrihutable presumably to a slowing of the rate 
of entrv ol crroL The effect shown is with those species which 
show the effect of acidity : man, rat, mouse, guinea-pig, rabbit. 
It m inhibited by XaHCOg. 

Dav'MMi in a general study of the action of heavy 

HMtaii, hm Aow'n that the effect of copper can be greatly increased 
by washing il^oells with saline, this action being due to the washing 
out €d the bicarbiMaate awA removal of the serum proteins from the 
system. ^Mitiofi id XaCI ^ tmj s^taline buffer inhibits the action 
of the at wMch this action fc^gins being as acid ; 

&CB arc ikm-s in Tables XVI and XVII. 
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Jacobs had noticed that the time course of haemolysis in 
|fl\ ceroI in the presence of copper is peculiar in that there is a 
marked auto-acceleration towards the end of the process. Davson 
has found an explanation for this, attributing this effect to increase 
ill aikaliiiitv of the suspension medium, due to the haemolysis 
As alkalinity inhibits the action of copper, it will therefore 
accelerate the rate of penetration of glycerol. The alkalinity 
following haemolysis is due to the breakdown of the equilibrium 
distribution of anions, which for a cell in a non-electrolyte medium 
\dll be such as to cause the cell to be alkaline in respect to the 
suspension medium. Probably adsorption of copper on the 
haemoglobin released by haemolysis is als6 an important factor 
in accelerating haemolysis. 

TABLE XVI. Effect of washing of erythrocytes on the 
INHIBITION OF penetration OF GLYCEROL BY COPPER (DaVSON, 

Suspension medium Time of haemolysis 

Unwashed cells 0-32 Af Glycerol 0 min. 35 sec. 

Unwashed cells 0-32 AT Glycerol 1 x 10“^ A/ Cu 2 min. 55 sec. 

C3nce washed cells 0-32 AT Glycerol 1 x 10~®A/ Cu 6 min. 30 sec. 

Twice washed cells 0*32 AT Glycerol 1 x lO'^Af Cu 7 min. 25 sec. 

TABLE X\TI. Influence of reaction of the medium on the 

INHIBITING action OF COPPER ON GLYCEROL PENETRATION, AS 
^HOWN BY CHANGES IN TIME OF HAEMOLYSIS (iN SECONDS) (DaVSON, 

The time of haemolysis in glycerol alone was 30 sec. 

Glycerol -f buffer 


pH 

Glycerol -h buffer 

+ 10-^1/ 

C-75 

41 

44 

4*75 

52 

53 

4*5 

320 

600 


Jacobs et al. (1937) have investigated the effect of small 
quantities of salts on the rate of haemolysis of ox cells in glycerol 
elutions and find a marked acceleration, which, however, they 
attribute chiefly to a change in the fragility of the cells due to 
anionic shifts. It is possible that other factors may be involved. 

A possible influence of salts and plasma proteins on penetration 
is revealed by Somogyi’s (1928) results on the distribution of 
glucose between human plasma and cells; Somogyi’s claims, that 
the passage of glucose from the cells to the suspension medium 
tBk& place within a minute or two, would give a permeability 
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con«.in! o! (he order as that of glycerol, and yet erythrocytes 
It* itiati arr ^t.lhir iti pure glucose solutions for hours at room 
trifsKratsir.- .-V. sjiou i.fthr work on non-electrolyte pernieahilin- 
h.i* Urn done with the h.j-jnoh>is technique, which involves an 
rii-rrinous reduction oi'the s;t!t content of the medium surrounding 
«t.e tr!l. li seems that the thorough itivesiigation of the influence 
oi rtiMtorunent on permeabilitv to non-electrolytes would not 
iie mtetestintt, but altsolutely necessary, before the exact 
wjtriificancc of results obtained by the haemolysis technique will 
cirjr. 

cuncIudiiiiT tins descripiian, it should be pointed out that 
ha\f not atsrinpted to include all the published work on 
irt>h It |.)erniraf>ilit> in this brief account, so that a certain 
amount of srlrction has been neccssarx^; thus the voluminous 
lifrraturr on the vexed question of the distribution of glucose and 
amino acids lieiwreii cells aiMl serum has not been touched upon. 

Plmi Olli . A verv large amount of work has been done on the 
|>rrrnrabili!> oi plant cells including yeasts. , but of this extremely 
htilr IS pyldbheci in a lorin suitable for quantitative treatment. 
IV musiuiiding work is that of the Finnish school of 

Earlund. Fig. shows the permeability of cells of 
afui4n}Ua |)iot!t*d against oil-water partition coefficient— 
a fvcia oi graph orieinalK due to Collandcr & Barlund 1933 . 

larger the oii-waier partition coefficient, and the smaller the 
molecular volume, the more rapidly a molecule penetrates. This 
^ork IS based entirely on chemical determination of the amount 
ig p-netratmg suVtance which actually enters the cell sap, a fact 
H hich makes the work most reliable. From this diagram'Collander 
that “There is clearly a somewhat close 
concccdante between the oil-w’ater solubility’ of substances on the 
Of If haiid, and iheir permeability constants on the other; this is 
not ntrreh' a general concordance, but, at least approximately, a 
direct . . . .On the other hand, the smallest mole- 

cuks obviously permeate faster than w’ould be expected on account 
lit' their oil »iubiiity alone. ... It seems therefore natural m 
coRcImIc that plMsa membranes of the Chara cells contain 
tV ^vtmt pcm’Cf which is on the whole similar to that 
€M mt Bm, wMie the niKxhum-sized and large molecule 
l^f^rate only when dissolved in the 

tV mol^ulfsi can also penetrate in some other 
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wm Thus, tlie plasma membrane seems to act both as a selective 
and as a molecular sieve.’’ 

This view of Coilander’s is based on qualitative arguments only. 
(Appendix A), from a theoretical study of the details of 
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Fk. 25. Permeability (ordinates) of Chara to non-electrolytes (cm. per hr.) 
pk/tied against olive oil-water partition coefficients (Collander, 1937). Arrows 
art attached to permeability values which Collander & Barlund consider to 
he too low. 


mechanism of diffusion across the plasma membrane, con- 
dudes that there is no justification for plotting P against partition 
drfkients, so that the conclusions which Collander draws from 
Fig. 25 arc not valid. Instead, one should plot* PM^ (in the case 

2500x 

rf rapnliy penetrating molecules), and PAd^e (in the case of 
iwiy penetrating molecules), against partition coefficients. Then; 


* See p. 80 or p. 352 for explanation of these formulae. 
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lor 4 lipoid layer, the points should lie between 

dksutni h\ a factor of 5 from the average line. As can !>e seen 
ir-aii l ie>. and L^T the results of Coilander & Barlund fa| 
\%ithiri ihrbr^ limits, and there is no differentiation !x?twerr. 
mok'i uirs ot' diflrreni molecular volume. Hence it is concluded 
tiiM the plasma inembrant*of cells is possibly a homogeneoia 
ii|j«>id la\er, to a first approximation. Thus, within the ran^e 
molecular s|^ies studied, molecular volume is not a variable 
alfrctiiwc the rate of penetration, and the reason why Coilander 
k Bailund iuund a degree of correlation between moiecuiar 
%oluine and rate of penetration is that molecular volume tends 

10 nil] parallei lo the quantities and M^e , so that there 
IS abo a loriuittms correlation between P and molecular volume. 

tlollander also gives data for fifteen other plant cells studied in 
the Helsingfors lalx>ratory, shown on Fig. 28. The cells are 
arranied in order increasing permeability to crythritol. Cell^ 
of flowering plants, mcBses, green algae, diatoms, brown algae, 
red ulgar. Hue-green algae and bacteria are represented. Coilander 
mierpiet^ all these results in terms of the “lipoid -sieve" 

, He rerna? ks “ 1 , Spirug}'ra and Chara are seen from Fig. ‘2^ 
to vrrx closely as to their permeability, except that th- 

permeabiiits oi'Cnara ceils is a!x>ut three to ten times greater ihar: 
that Sptfo^a ceils. Such a difi'erence can, at least theoretically. 

explained on the assumption that the membrane o( Spin-g^r: 
1 % c«rro|xmdingiy thicker than that of Chara. '2') The epidermal 
crib of RhiMo liave an exceptionally low permeability to al! 
4 iiitdcs„ . Fhis can easily l>e explained along lines first put forth 
bv and lus school. ..we have only to assume that the 

pU-^ma lipoids of most cells are acidic in character. 

% mir ib,36e of Rimu are approximately neutral. i'3y The root celL 
oi Lmma difler Irom most other plant cells in being more permeable 
to yrea than lo the more lipoid soluble methyl urea. Perhaps the 
can explained on the assumption that the plasma membrane 
m tM: in qm^um contains a considerable number of por« 

^ »i«h a ciias«cr an lo be just penetrable by the urea molecule 
b»i tm, by il« greater molecules of methyl urea. 

;4] two m for OTi#cd, viz. Mehsira and Liemopkora, 

afe by tbear nspoarkably high permeabilirv’ i§ 

* iWb» WiteaiMit (1931). 
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26. PM^e for non-electroIytes penetrating Chara, plotted against 
<4ivf oil-water partition coefficients. The points are not more distant than a 
5 from the straight line, showing the membrane to be homogeneous to 
4 rir$t approximation. 



Fis. 27. PM^ for non-electrolytes penetrating Chara, plotted against olive oil- 
partition coefficients. The points are not more distant than a factor of 
S hm straight line, showing that the membrane is homogeneous to a first 

t^imiination. Arrows are attached to ffermeability values which CoUander & 
OHjsider to be too low. 
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rr\t)iri!f>l and ^ucro>c. i.«- lo substances which have an extremdy 
|,,v. hpsd vilubiiits and a considerable molecular volume. This 
i > ‘ ih'- <K ciincnce of plajin.i membrane pores of an exirerar 
s»id:h in ihrv- < rlLv .e A irreat ainmdance of somewhat smaller 
pListna inenibratie pores may Iwr assumed in the case of OicillaUmi. 



I • ' , I : ; 1 

: i 4 > 6 7 8 9 10 II 12 !3 14 15 16 


\ Pem^abditv itm. per hr. of plant cciis to non-electrolytes: 1 haf 

cetb e/ f^k-gw^Pwmm. ■ t) Oedugmiium sp-, -3;. root ceils of 

4 tywalh 7> J^ygnam. cjunosporum, :_6‘ subepidermal cells ai 

f T Sptrog’r^u ^p., leaf cells of Elodea densa^ '9 epidernia.. 

f.^ih ; -f I ** cell? of Taraxacum pectinatiforme, \ 1 Ij ‘'leaf’ 

-4 :r::rrri.->ial cells of Ceramium diaphanum, ;'i3 Bru:- 

J4' Q^ni-.aPma f’rmcipi, i lfr Mdo^ira sp.^ 16, Liemopkora ip. 
in'-? t d.viljitiirr. I'.#3T , 

whi^h differs Irom most other cells in that the sieve principle is 
mmt dimiiiani and the effect of the lipoid solubility less so than 

im tlae other 

at was the ease with Chora, these arguments are 
rntirdy; quallmtive^ awl iiiifcmunately the results available fa 
ih^ Gdh Mm hardly sufiicient for any positive conclusion 

to fro® quantitative examination. It may, however, 

^ t^it with exception, if the same quantitative 

tmm mfc J^fikd to ^ nsidts pven in Fig. 28 as to those fer 
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# km, e.g* ii' plotted against partition coefficient, the 

for all these cells fall within the limits to be expected for 
3 homogeneous lipoid membrane, and that there is no particular 
n idence of any pore size factor being involved. See, for example, 
the results for Melosira plotted on Fig. 29. For ail the studied 
plant cells the slope of the average straight line, passing through 

ihe values of PM^‘e for slowly penetrating molecules plotted 
against partition coefficient, is greater than the slope of PM^ for 
rapidly penetrating molecules, plotted against the partition 
a 3 efficient, as is predicted theoretically (Danielli, Appendix A) . 



Fib. 29. PSP for non-electrolytes penetrating cells of the diatom Melosira, 
plotted against olive oil-water partition coefficients. 

Permeability of Bacteria, Gollander (1937) quotes a few values 
of P for Bacterium paracoli which are not greatly dissimilar from 
tli«e of cells known to have a definite lipoid membrane (see 
Table XXII). 

A very large amount of work has been done on the sulphur 
bacterium Beggiatoa mirabilis, particularly by Ruhland & Hoffmann 
1^5) and by Schonfelder (1931). The work of the first two 
authors was largely responsible for the growth of interest in the 
vkw that the cell membrane behaves as a molecular sieve. Most 
d the published results are qualitative, and therefore do not 
permit of any final conclusion being made. Marklund (1936) 
pws a few values of P, which are quoted in Table XVIII, 
with values of PM^, The PM^ values are constant within 
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rxfKTiiiieolal error with the* exception of the value for sacchar^. 
C;«iisrqyfnt!v it may said that the properties of the 
maubTMW are ihtm^ of a non-Iipoidal molecular sieve, diffusion 
ukiri^ piacf throuith water-filled pores, many of which are oi 
A.-d.mi the s^mt diameter as saccharose molecules. There is rici 
r^irlriice cd' anv correlation with partition coefficients. W hen the 
wffyes of ? are compared with ihc^e for other cells Table XXII , 
if will lie wen. howe\’er, that Beggiatoa has a permeability of the 
same order of magnitude as other cells, and as a layer of A. 

I \BLE XV HI. Valcis of PAB for Beggiatoa mifulili: 


Sut»tari<"r* 

P 

p.\n 

i harc>^ 

II ia.ix 

2-5x 

Lt\ ihnu4 

M s3s>: 

9-3 X In -^6 

efi4 


1M*2 y 10 


l'5:si»x 

12-2 X 10 

Meth\larfa 

M7h> 

10*1 X 

Gb-col 

1 31f0x 

11 -Ox In 


of oiivr oil, but which is 10* times less than that of a water layer 
of the same thickness. Consequently, if the membrane is a non- 
hp>sdal n-Kilrcular sieve of the same thickness as other cell 
membranes, with penetration occurring through pores only, these 
must occupy an extremely small fraction of the membrane 
area— about one part in lb*. Now the total surface area of a 
sir^le cell trf B^ggmt&a is atK>ut 5 x 10~^ sq. cm. Hence the total 
arc^-sectk>nal area of the pores is o x 10”^ 10* == 5 x 10“^^ cm.- or 

BM} A-^ A pore large enough to admit saccharose has an area of 
about AA; hence there can only be about 10-20 pores in 

the membrane of a Biggistm cell. If, therefore, we accept the 
mcirciilar >ie\'e hv-poihesis, either the greater part of the mem- 
brane iff Mggtatod must have a permeability equal to or less than 
that eff ^aat and animal cells, with a very small number of wide 
wato-ilfcd pcM-cs occiip\ing one part in a thousand million of the 
1^1 area : or el^ the membrane has more pores but 

m thkdbcr.tt 

a luiic i^ciiliar, and it is perhaps worth pointing 
Ae kka that the penetration of these ceih 
m m proem only, at least two po^i- 

'wdttch ixmiM explain their permeability: 
'I; taiwg a i^uaHy rather less than that k 
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ciccharose appear periodically in the membrane, which is other- 
misc highly impermeable; (2) that Beggiatoa has two membranes, 
an outer membrane with an average pore diameter rather less 
than that of saccharose and an inner highly impermeable 
membrane, in which from time to time such a structure as a 
cooiractlle vacuole opens, sucking material through the outer 
p:>n>us membrane, t "I" Thus much further work is needed before 
anv final conclusion can be reached on the structure of the 
membrane of Beggiatoa. 

A further alternative explanation of the behaviour of these 
bacteria is that the resistance to penetration due to the membrane 
IS not so large that the resistance to diffusion through the cell 
contents may be ignored. In this case we are not justified in 
calculating the number of pores by the simple procedure given 
on page 102. 

A similar calculation for Bacterium paracoli is still more in- 
teresting. Its membrane has an area of 3*4 x 10“® cm. and a 
permeability of about 10”^^ of that of a similar water layer, to 
molecules such as urea. If molecules were to penetrate through 
water-filled pores, the area occupied by the pores must be 
10“^^ cm.2 = 0*0034 A.^: i.e. an area less than a mole- 
cular area, so small that even if the whole of this area were in one 
pun it would be too small for any molecule to penetrate. Its mem- 
brane consequently cannot be an inert molecular sieve, unless it is 
enormously thicker than most plasma membranes. ft 


TABLE XIX. Showing the fraction of the total volume of 


A BODY TAKEN UP BY A PLASMA MEMBRANE OF NORMAL STRUCTURE, 
If PRESENT 

Smallest % of volume due 

Cell or virus diameter to plasma membrane 


Beggiatoa mirabilis 
B. prodigiosus 
B. coli 

Sewage micro-organism 
Newcastle disease 
St Louis encephalitis 
Foot and mouth disease 


8 

0- 

750 m/x 

4 

250 m/x 

3 

150 mjLx 

19 

100 mil 

27 

25 m/x 

75 

10 m/x 

100 


Quite apart from experimental work, considerations of the 
space available inside a really small cell show that there is hardly 
sufficient space for a plasma membrane of the type found with 
laife cells. Table XIX shows the percentage of “cell” volume 
t^E up by a plasma membrane 50 A. thick in the case of 
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vojujii#^ Ii \mIi br <^r*eri ilu'it as s<'K) 1 i a 
i-f.ahr-ti _3; a pli^nai nirinhram* oi normal ihkknrii 

-I Lsrj»" pari *>i I’ti*" -m lata an expensive iuxiin ~ ... 
trlU .i?r h\i! Miilv viriH pani cles. '^" 

I'h** trr*^! aa' ^-rt.a.r Muciv oi' thti perm^iOr:’:*- f>f 
o ilai! of' R. N. I .jIIk- . =;.a: a-.- 

n;j,if5.iv rimfined tii |^rTnra!>ilit\ to water. Work on rion- 
rlectiolvir is more recent, and is mainly due to J.aior>s, 

Lucke k and their c- ‘.Ilcaaetes. Table XX yivfi 

rr^ijlo^, rujifilv tak^ai from Jareibs k Stewart 11^36 on un- 
|5“rn.Ls^-d ..bviia valu*^ are available for butyramide. 

poK>LonamrT,- a^'.d 'dhon, and for these three substances 

rh^ v,.d.af 'C i" .-or.stani within experimental error. 

If iliai \ h** ecu !neml>rane is possibly homogeneous. 

i>u? t^»<> frw results ure available to Ik* certain of this. It will b.* 
jceii kmi the talkie that the more Ilpoid--tuubIe substances tend 
to prnetrair the faster, and that the ’more polar molecules 
per>efratr more slowiv. 
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1 4« if f - i.' lH3y have compared Chaetopterus and Cumingk 
•‘■iis Jitrh es\u. findine that the former cells are con- 

ttderahh permeable to ehcol and glycerol than are Arback 
The permealiiijtv of Arbada eggs to ethylene glvcol and iv 
d»s>'jwopar.r k approsmutely doubled on fertilisation, as is also 
the ca*. Hath water. Bui whereas the Na*, K" and Ca^" con- 
ter.tratiwas have a verj- marked effect on the permeability to 
water. ^ efcctroiyte content of the medium has little effect on 
permeatiihty to Frona this jaedbs & Stewart (I936i 

conclude that the e&ct ot deetrolytes cm the membrane is of a 
different natiErc bms that of Utilisation. 
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Pmmlnlity of the Intestine, etc. There are many tissues which to 
mit sutetances show a selective activity based on an active 
nicchanism, but which to other substances, even of the same 
chemical group, are quite inert. Studies on the intestine furnish 
an interesting example of the methods which are adopted to 
distinguish between the two groups of substances. Two main 
have been used: (1) the effect of concentration of solute 
m the rate of absorption, (2) the effect of specific poisons on. the 
rate of a!m)rption. 


table XXI. The effect of initial concentration on the 
amount of substance absorbed from the intestines 


Initial Millimoles absorbed 

molarity Initial concentration 


Urea (after 15 min.) 


0*06 

0-09 

0-12 

0T8 

0-24 


0-83 

0-76 

0*69 

0*80 

0-71 


Erythritol (after 15 min.) 
0-06 2-1 

0-09 2-6 

0-12 2-5 

018 2-2 

0-24 2-2 


Valine (after 20 min.) 


0-056 2-5 

0-084 1-5 

0-115 1-1 

0-167 0-6 

0-223 0-4 


Table XXI shows some results obtained by Hober & Hober 
fill?) on the effect of concentration on the amount of a substance 
absorbed by rat intestine. Urea and erythritol have values of 
Amount absorbed , . , , , . 

f” . --"; 7 — : — which. Within experimental error, do not 

imtial concentration ^ ’ 

vary when the initial concentration is varied. This shows that for 

substances the amount absorbed is directly proportional to 

concentration in the intestine. But for valine the ratio falls 

off rapidly as concentration is increased, to an extent which 

that, above a threshold, the amount of valine absorbed 

k dependent of the concentration in the intestine. Hober 
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amclmk^ ilui in ^wnil the polyhydric alcohols and the acid 
afttidrs arr* alisorbed at a rate proportional to their coricentraiion 
,iud \hrrtiuft‘ |jruba!)ly |>enetrate by simple diffusion, but that 
v^iih amimi acids a!>sorpuon is ^‘complicated by the presence of 
uii MirlvtMhni iactor, the effect ol* which becomes more visible 
\uih lo%er than with higher concentrations”. In the case o? 
|^>Kli\ciric alcohols al^sorption resembles diffusion through a 
sirvr-Iike meml)rane, the ma.Kimum pore diameter of which is 
that of mannitol so that marmitoi is scarcely absorW 
at all hut adonitol and erythritol (G4. are comparatively 
rapidlv abMir!>ed. Bui with the amides the effect of lipoid 
solubilitv is of marked importance. Thus butyramide, with a 
molrcular vcdunie of i!3, should penetrate a sieve more slowly 
than acetamide molecular volume 60), but in fact butyTamide 
|>rnrtraies rather more rapidly than acetamide. 

I he use of ptusons is well illustrated b\' the work of Wilbrandt 
k I-aszt 1033 on the al^rpiion of sugars. These worken 
mratured the rate of al>sorption of sugars ^ a . without iodoacerate. 
t with iodoacetaie, and found, in a typical case, that the ratios 
of u’ : b were: galactose 2d, glucose 3*0, fructose T2, mannose 
13. bo. ara binose It was concluded from this that 

an active mechanism, possibly phosphorylation, was involved in 
ihr tramp<in of at least the sugars galactose and glucose. This 
theory w ill of cour^, require much further experimental examina- 
tion before it can be regardt*d as correct. 

int^tirM* is such a complex tissue, and so complicated by 
active process, that 21 does not seem profitable to make further 
coaimeiit upon it at the present time. 

Tki Capiildn Membrani. Despite its importance, extremely little 
rs known atx>ut the j>erTneabiiity of the capillary membrane; it 
it prolkibk that it will he found to resemble the glomerular 
in being a molecular sieve of rather large pore size. 
.%cc«dmf to Keys .1937) the available evidence shows that 
|».i^trate the capillary membrane in the order 
> sucro^. 

hm invcs%ation of lobster chitin membrana 
Ift’ Cl M. {ISM) ^€m% that the membrane is much more 

t# wwk mMs than to strong acids, and that for the 
F Jf* z= a constant, is obeyed within 

mwm (TaMe XXI «). 
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TABLE XXIfl. Permeability of Chitin 



M 

P 

PAP. 

Hydrochloric acid 

36 

2-5 

15 

Formic acid 

45 

19 

127*5 

Acetic acid 

60 

13-5 

lOi-5 

Propionic acid 

To 

14 

122 

Butvric acid 

89 

13 

123 


There is no tendency for the rate of permeation to follow the 
oil-water partition coefficients of the molecules. The adherence 

10 the relationship = constant, together with the relative 
impermeability to HCl, shows that the weak acids probably 
penetrate mainly in the undissociated form, that the penetration 
lakes place through water-filled pores which are considerably 
greater in diameter than is butyric acid, and that the pore walls 
probably carry an electrical charge sufficient greatly to reduce 
the rate of penetration of ionic substances. 

Rdaiive Permeability of Various Cells. Table XXII gives values 
of the permeability P of fifteen different cells to non-electrolytes, 
compared with the '‘permeability’’ of layers of water and olive 

011 of about the same thickness as the plasma membrane. The 
water layer is always much more permeable than the cell mem- 
brane in the cases cited. This, however, does not mean that there 
are not some substances which may diffuse just as rapidly as 
through water. Such may be the case with hydrocarbons. But 
accurate permeability constants can at present only be determined 
lor substances which do diffuse much more slowiy through the 
cell membrane. What is of much more importance is that whereas 
in water all the substances concerned diffuse at about the same 
speed, through the cell membrane the rates differ by a factor of 
Ih*, and that to the most rapidly penetrating of these molecules 
|he membrane permeability is still 10® times less than that of a 
water layer of equivalent thickness. 

The values given for the permeability of an olive-oil layer are 
calculated from the theory of Danielli (Appendix A), and are 
rough values only. Nevertheless, the values closely parallel those 
foumi for the cells, both in magnitude and in variation from 
molecule to molecule. The permeability of the oil layer may be 
varied, for some molecules at least, by a factor of probably more 
than 100, if different oil§ are considered. It will be seen, however, 
that in certain cases, e.g. urea and glycerol, there is a variation 
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of at lc.«t 3' UNI- fold iti ihf penne.ibiliiy of different cells to ibc 
wHie muln ule. Whether this large difference can Ije entire]., 
aiNounied tor hv tariaiiun in the chemical character of the oi: 
i.jvrr t-anrif»i as >et i>e stated. 

I NXIL ABil.ITV or different cells, etc. IK mcl» 

rl FtR FER 1 ‘IR ^Ol, per litre CONCENTRAlK.t, 

L I f f i R 1 ^ t.. 

m been multiplied by i«»*% except the olive oil : water partrua^ 
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<>■6! 

Pirc^:*na.asi4e 

l-i" 

O 22 

.%c«Ji^kk 

O' 2^ 


CfiwM 

0-«i97 

oil 


mmi 

0"W>^9 


cHuta 


tj 







#^it 

mmm 






<N»ia 


%mm2 

mmmi 


#■ mmm 


% 

J5 

Cemtnium 
• diaphanum 





0-45 

0-16 

2 - 8 * 

3-0* 




0-47 




0-031 

01 i 

0-17 

0-83 

0-375 

0-028 

0-0084 

0-097 

0-12 

0-018 

0-0C»28 

0-083 

0-042 

(HiOlO 

0-06022 

0-025 

0-018 

04)033 

o-oii 

0-021 

0-031 

04)0042 

0-0005 

0-0021 

0-013 




0-0058 



permeability to non-electrolytes 109 


TABLEXXII {continued) 


,%ritipyTiii 

lYopoBaniide 

.%:etamidc 

Lft^sropn 

(3vcol 

Metfaylurca 

Crra 

%i ttox>propane 
3^ Dioxypropane 
^onamide 
Dribykne glycol 

ijMbritol 

wcharose 



r:: c 

f: ^ ci< - 


C.§ - 


0 


f3:=l :L ^ 

?? s ? 3.^ g a ^ 3 

^ -z; f- 


1 


; K} 5 

CJ O 







0-047 

(170) 

0-90x10® 




0-032 

(129) 

1-05x10® 




0-0036 

3-0 

1-38x10® 




0-00083 

0-83 

1-79x10® 




0-00021 


1-17x10® 


1*39 

0-67 

0-00049 

0-75 

1-73x10® 


M7 


0-00044 

0-058 

1-61x10® 

0-083 

1-58 

0-25 

0-00015 

0-018 

1-78x10® 


1-32 

0-0057 

2-6 

1-60x10® 




(0-001) 

0-75 

1-60x10® 

0-028 



0-00008 

0-0021 

1-38x10® 




0-005 

0-485 

1-45x10® 

0-055 

1-06 

0-018 

0-00007 

0-0051 

1-44x10® 

0-<X)5 

0-84 


0-00003 

0-00007 

1-24x10® 


0-14 


0-00003 


0-75 X 10® 


When comparing different molecules diffusing through the 
omc membrane it is preferable to compare values of PM\ not 
of?, since in this way the purely mechanical factor of variation 
in molecular weight is eliminated. For example, values of P for 
ethylene glycol and ay dioxypropane usually differ significantly, 
but PM^ values are often identical within experimental error. 

Finally, one experimental defect in practically all of these 
Mudies must be pointed out. It is usually assumed that the 
structure of the membrane is not significantly affected by the 
ccMicentration of non-electrolyte used in permeability studies, and 
that therefore the permeability constant obtained in all cases 
refers to the same independent membrane. This is an assumption 
which is probably true in most, but not in all, cases. Investigation 
m Deeded of the variation in ?: (1) with different concentrations 
of the same non-electrolyte; (2) when one non-electrolyte pene- 
trate in the presence of another. 
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CHAPTER IX 


permeability to gases 


By J. F. Danielli 


Though of obvious importance, the permeability of membranes 
10 has been comparatively little investigated. 

' lii^ues studied have a high permeability to gases, with the 
reception of the swim-bladder of fishes, which is practically 
;ffi^imeable to Oo and Ng (Bohr, 1893). Northrop has studied 
ik pmneability of dried collodion membranes to a large number 
d substances, including Hg, No, Og, COg, HGl and NH 3 gases. 
Northrop believes that as the pore size in a collodion membrane 
a decreased, the importance of dissolution of the substances in 
the collodion becomes greater, and in the limiting case with 
membranes prepared with a minimal pore size this factor of 
Mubrane solubility is the dominant factor. The evidence he 
?iv€S in support of this is conclusive; thus the permeability of a 
dried membrane is, for Hg, 7*5; for Ng, 045; for O 25 IT; for 
CO,, 7-0 in cm.^xlO^ per day. If diffusion occurred through 
pores only, the rates should be as 7*5 : T7 : T 6 : 14. Furthermore, 
nen when the membranes are saturated with water, which should 
block the pores and reduce the permeability by some 10 , 000 -fold, 
there is practically no change in the observed permeability. 
Clearly a partition coefficient is involved. When correction is 
aiade for this and the Pick diffusion constants are calculated, we 
Ski ! Northrop) D = 75 (Hg), 3-0 (Ng), 4*8 (Og) and 1-5 (COg) 
m cm. X 10^ per day. If values were available, we should be 
able to calculate values of PM’ and thereby see whether 

molecules are diffusing through a homogeneous medium. 
If the medium proved to be homogeneous, the large variation of 
permeabilities would mean the viscous resistance encountered by 
tkic molecules varied considerably with different molecular 
although all molecular species can permeate all parts of 
& manbrane to the extent indicated by the partition co- 
c&Mts. If the membrane is not homogeneous, the variation in 
paaabiEty may be due to some regions being permeable to 
mdecular species and not to others. In the case of silica 
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gk'.s n^rnit>!.a.r?. rvGi.}4r, Ikrrn 1^14, has showa ihat IL 
^ ^ui,. t- tJa* Liiucta but that CK ahd 

*»?;h p'! 4 ru.ii^' tlu^^Ukrii ihr. btrt\vc*^ii the micro-anaais 

Gi«" 

Ai; ■Jia^'jraiia ot the p.iUifMihiity ui' tissues was la.idc 

Kr^Kh V.*l^ Hr i(nr> \.ilue> kr the relative pernifatbiliu 
muMh la uw^MU nitrogen, carlmn dioxide and curk,n 

n.>..ajo.ude '*%hich sh*o^ that, p<T urain mol oi dissolved eas. ihf^ 
\ ,if loyj i^itsn dstfu^ at ruiirfily ih<* saline rate. Ivro_^h also studifc 
the frlatne pannealdiitv ul' a num!>er of different tissues to 
Thr f/rrmeabilnirs in c.c. ut oxygen at n.t.p. passing 
ihrouk'h I im - «4 niatmal thick per atmosphere of oxygeii 
, 4 ? ( , aff, vwier gelatine G-2S; muscle 0*14; comieciive 

isisar olhi, iham o-ol3: rubber M-077. These values need 
o by 7‘2 r it>* if it is wished to obtain the permeabi!iii« 

ill terms of c.c„ passing per gram mol per litre concentratiun 
dttfctence. 

■, biS 4 ^ has measured the permeability of various lissut^ 
to CO|, In water, defusing gases obey the relationship 
where D is the Fick diffusion constant. Wright 
suers that O, and CX). amiorm to this equation in diffusing 
ihfuagh t Mnnecint us^ur. He also shows that in certain cases th^ 
picsracr ul HCO 3 in physioiogiailly important amounts 
contribute .greatly to the permeability of CO^. Thus he finds 
iluit the permeability constant was independent of the pressure 
which would not be the case if HCO 3 contributed greath 
to the trampe^n i»f CO^ . He also show'ed that the permeabili:\ 
lit iX3| ol parchment soaked in Ringer is 1 *35 i in Krogh's absolute 
umt^ and for parchment soaked in OTod/XaHCOg the ptT- 
mea!ru;t% lb 1 ' 0 - 1 . an increa^ of atK>ut 14 ‘g . Hill T928^ predicted 
ihdi men an increase would be found. Wright argues that as frog 
ti»^ usualh contain orJy about 0-0153/ XaHCOa, 
canry’irig action of HCO 3 will correspondingly reduced to 
arMi is tberelbre of n^iigible influence in dealing with 
CX>j i^sMai^ty under physiolc^cal conditions. The perme- 
abiiitks ^bm! for tmues w'cre: frog muscle, 5-3; connective 
f«€5; skin, 3T, in the units of Krogh. There 
apprw m p 0 «bility that the permeability of muscle to 

O, reladvt m that rf CX)^ m less than wmuld be predicted icom 
the eqrnMmm J^M*»c««ant (Krc^h, 1918; Hill, 1928; Wrighg 
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permeability to gases 

If this proves to be so, and Wright is correct in supposing 
HCOg docs not contribute substantially to COg transport, 
it must follow that the muscle membranes are more permeable 
-!c0 than to 02- This is known to be true for red cells. 

Hill (1928 i has given a valuable theoretical treatment of the 
A'^mion of oxygen in tissues such as muscle and nerve, which 
'Amides a basis for calculating approximately the degree of 
otvren saturation, and the time taken to recover from an oxygen 
etc. for tissues of various shapes and sizes. For a resting 
to be fully supplied with oxygen. Hill obtained the formula 
= where rl is the maximum radius for a nerve fully 

supplied with oxygen if the oxygen pressure outside the nerve 
^ k is the diffusion constant of oxygen, and a is the rate 
af oxygen consumption in c.c. per gram per min. Using 
4=4-7 X 10""^ C.C., /:=l'4x 10“^^, the values of the critical 
diimeter for saturation given in Table XXIII were obtained. 
Thus, at 20° C. a nerve 3 mm. or less thick would obtain sufficient 
OTgcn at rest in air. Ordinary cylinder nitrogen may contain 
oxygen; the corresponding critical diameter is 0*49 mm. 
Obdmjsly carefully purified nitrogen is needed to asphyxiate a 
«inuil nerve. Hill gives a large number of other special cases 
ytiiich are of great value experimentally. 

lABLE XXIII. Critical diameters for complete saturation 

OF A NERVE with OXYGEN AT VARIOUS PARTIAL PRESSURES IN 
^.TMOSPHERES 

hmurt 1-00 0-21 0-10 0-010 0-001 0-0001 

mmxtr (cm.) 0-69 0-32 0-22 0-069 0-022 0-0069 

Femeability of the Erythrocyte to Gases. The outstanding work on 
iMs aspect of erythrocyte permeability is that of Hartridge & 
Roi^ton (1927) by the method previously described (Chapter n) . 
In Fig. SO the combination of haemoglobin with Og is represented 
as a function of time for laked and unlaked ceUs, and the difference 
kiween the two curves is a measure of the rate of penetration 
rf Og through the erythrocyte membrane. It is seen that the 
of the membrane retards the rate of combination of Og 
^ Hb, so that the process is about ten times slower. In Fig. 31 
^ parcentages of HbOg and COHb are shown as functions of 
with the intact erythrocyte, and it is clear that Og penetrates 
tk eei HKHe rapidly than GO. 
m 


8 



ill) ITY TO GASES 

Aft ^iuxi of calcium rm the penetration of Oj 

tm rniiir€C\?^- cLiimed b> VVa^urg ''191 i , wlio finds that ly 
f4tr •,! C A rotHoriiption <if younif coi>se eryihrocytes is decreaseti 
In «%l i'aluurn to the susjxmsion medium, whereas ih^ 

fjtr of (1^ consaiiiption of haeinolysed red ceils is unaffected k 
ihti inriaL 



Seconds 

Rale ^ corobiiratkm of O* with [a red cells, b aked red ceils. 



f‘j<. 31 , Rate of ccMubiaatkm of Og and CO with red cells. 

ftrketj k iMot>k , 1931 , , using a technique which was essentially 
saiikf to that of Hartridge & Roughton, but differing in that 
tlK «inrmifMling the cells was actually separated from them 

m ti®€» Mkr mixing by a procc^ of ultra-fikration, found 

tMt ia dte COg content of the scrum saturated with 

thi t« ^Mdiadon into the cells, occurs within M 

t© #4 Ixtt in th^ HCOg and the decrease in the Q 

to the “Hamburger Shift’’ is only 
1 wl^s a^p^aaatdy 1-1 see. Results similar to th<« 
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mnnigc 8 l Roughton on the penetration of Og into the cells 
obtained It would seem from the results of Dirken & Mook 
tlie rate of penetration of GOg is more rapid than that of Og. 
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FERMEABILirr TO WATER 

B\ H. Uavvon 

with the* ainouiit ol" information regardiris mnr- 
hranr ‘iniciure which permealnliiy studies of oivanic 
rlr-ttruscr-s have yirldtx!, that obtained from the study nft!- 
I'jenu^abilits of cf'll.s fo water has not been very great: neverrheK^ 
%inrt-r \rr\ interrsiini^ facts have been brought to light reitardau’ 
ih^ •»! thr ionic eii\'ironment on the permeability of c?*. 

menibrari^^s b\ the study of the penetration of water. Apart free 
the^ ucn, however, the accurate determination of tine 
meabtlifv constant of ceil membranes to water has Ijeconif 
imfiMiiaie importance with the development of C|uantitatc> 
methods *4 mea^juring the i^rmeability of membranes to sulu;-i 
whi^'h. as we have seen, involve a knowledge of the permeabi'.:v 
to Water see Chapter iv . 

'! be chie* e\[x:rimental methods, and the necessary equatrO' 
Sor tie* ds-*OTTnination ot' the permeability constant of a cef ’ 
w^trr ha\e alrr^idy I.Kfen given in some detail; the results oi 
fiicasurmirBis on Echinoderm egg cells, protozc^a, plant crb. 
Annelid egg cells, Moilusc egg cells and of vertebrate filsrobLifa 
lrycoc-vi« and c ry ihr^vtes have been collated in a valuable paK: 
b% Lucke ti m. 193!^ and are presented in Table XXI\', modiii^: 
tnmi ?h:s paper I'hese authors point out that the relatively lev 
f>^rnifViLnlit> to water of Echinoderm eggs is not peculiar : 
Tthitint m general, hut that a similar low order of iJt:- 
niraluluy has Ijeen found for plant cells and for a protozoon. T:> 
peat ^rmeabilny of the erythrocyte to w’ater (in the case of irtir 
thirty times peater than that of the Arbacia eggj is striking. 

Aa ialorcstirig eiample of the faulty information which nia\' » 
i^rimsability studies w’hen an inadequate equatier. 
m analyfk td the results is provided by three paper 

& Lucke (1 §25-1927} in w^hich ex|>eriments 
tM ^inMng of Arbadu eggs are described aM 

^msrnm mt: c^culatcd on the basis of a timp 
to w^hkh Ullie (1916) claimed that tfe 



(lAKKN Jjl'tK#, HaMIIIM** & Kl*.»;A, 1 WI%M ) 

The conslanls used express the number ol i ubie inirra nl water whit h pass thnnij^h 1 »tp niit r«»u ut t ell stu lai e \n i mnt , |ter 
atmosphere difference in osmulic pressure, and (unless otherwise staled) at a letnperauire ol 2b" to 22 t :. All values 
have been restricted to two significant figures 

Kind of cell PernieabiUty Measured by 
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PERML ABILITY TO WATER 


kifii‘nr>. r.f <>i' these conformed. McCutcheon | 

Lurkr ^i|iparet4tK demonstrated that the rate of penetration of 
v^aier \aned \%nh the concentration of salts in the sea water: thm 
It the -v.eilinc" ot" in sea water was measured, a valut 
Imi’ * was ohudned, whilst with 20-0 sea tvater a value of 

was calculated. Northrop 1927,, derived a more suitable 
rquatioui and showed that by using this to calculate perrneabilm 
constants from McCiitcheon & Lucke's results no dependence oi 
the |x*rmeal}i}iiy constant on sea-water concentration, within wide 
limits, was p^es^•n^ : this was later confirmed by Lucke ei al. 193^ 
However, Leitch 1931 . using a correct equation, has found a 
slight drift in the value of the permeability constant with varyin^^ 
sail conceniraiioii of the medium. The use of the more accurate 
equation enabled Lucke and McCuicheon to measure a difference 
in the |M*rineabiiity constant according as water entered eri- 
dc^mf^sis: or left the cell fexc^mosis;, the latter being smaller thar. 
the former, giving a ratio of the constants in the two cases of l-h'. 
A larger difference was found by Adolph (1936} in the case ci 
the worm P^mc(dvsoma: the permeability constant for endosme^E^ 
%sas found to Ik? 2*1 as against a value of IT for exosmosis. 

McC'uuhtim k Lucke T928' found that the permeabilin 
constant of Jr eggs was considerably increased when the lantr 
were alkmed to stsell in pure hypotonic dextrose solution, 
opposed to hypotonic sea w^ater; addition of calcium in acor.- 
ccritraiion of about O-ifHtl M brought the constant back to iu 
value in sea water. Stxiium and potassium when added to the 
non-clectrolyte medium had no apparent effect, but when added 
in the prescTice of calcium they were found to antagonise the 
aciicKi of the divalent ion. Lucke & McGutcheon T92s , 
ccTUiniiiiig this investigation, found that increasing the valence 
of ihr cation l^yond 2 in the series of cobaltamine chlorides had 
no further etleci in inhibiting the rate of penetration of water 
into the eggs w’hen susf^nded in a non-electrolyte medium; if, 
sulphate wbich accelerates the penetration of water 
was aiMcd to the medium, it w’as found that the effect of the 
cobalianaii^ cHoiidcs in decreasing the rate of penetration Mow 
^ that in MMi-electrolytc ^ution plus sulphate increased with the 
\ alency up to the € ^’aleiit ion. Sulphate was not the only aniat 
w hich cai^^ ac^lcradon, tartrate and citrate being also effcctitt. 
In fact ihe valemry rule w^as found to apply here, too; incread^ 
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ilif valency' of the anion produced a larger acceleration. The 
^utbois conclude that the antagonism observ^able between added 
alts consists in an antagonism between cation and anion, the 
ihftner decreasing permeability and the latter increasing it. It 
ihould be remembered, how^ever, that these authors were working 
in practically electrolyte-free solutions, a generally unsatisfactoiy- 
medium for marine eggs. 

Fukuda ■ i 936 ; has studied ionic antagonism in regard to the 
permeability of marine eggs to water, and in this study the 
concentration of electrolytes has been maintained at a high level : 
the results on sodium-calcium antagonism are shown in Fig. 32 ; 



jji. 32. Effect of variation in the Na : Ca ratio on the permeabiliw of eggs 
of Anthocidaris crassispina to water. 


these results were obtained with Anthocidaris crassispina^ and the 
eggs of Pseudocentroius depressus were found to behave in the same 
way. It is seen that when the proportion of NaCl in the mixture 
is very’ high the permeability^ is also high; as the proportion of 
calcium is increased the permeability^ is depressed, but increasing 
the concentration of calcium beyond a certain point causes an 
increase in permeability again until the Na/Ca ratio is about 
unity; further increase in the proportion of calcium depresses 
permeability, so that a pure solution of calcium chloride gives 
a |:^rmeability to water not far removed from that in sea water. 
Rather similar effects were observed with sodium and magnesium. 

The permeability of ox and human erythrocytes to water has 
been measured by Jacobs (1932) and the results are incorporated 
in Table XXIV. Jacobs & Parpart (1932) have studied the 
iniucnce of salts on the rate of penetration of water into the ox 
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I ^ 

v.'n- .>1 itn^lr rr^nli^ presented in Fig. 33, where 
lie" iin\r *■* neich 7^ haemolysis is plotted agaimi iht 

f >*:e *!e-n ^ in tie* >usj.>i*iidon niedium; the amoiims o! 

ar»’ -inali, so ilui iheir osmotic pressure is not an 
Ui'hn, ihi^ is indicated by a curve which show.^ the 
:rni.a .a add?*d suirar on the time of haemolysis. The curves 



l.’a rU - •: 'a:o tae t^rne. . iak«i b>' red cells to reach 7o''\ 

I n-r V 't.i' a% tl.r >ait M.»luii*»us is too low lo affect the rate ; : 
p>r-r,--tran-’>!= 4 vat*-- ’,1-.. as is *.h«.’un by the curve with sugar, so that the 
Ui ar^ d je te* etfei u <^n the cell membrane 'incKiiried from JacobN 

A. I'ATimt. . 

show that ail oi the salts studied decrease the permeability of the 
ervthri.K-'vte to water: calcium is, how'ever, considerably more 

fd'rf !i\e til in vdium. 

lli^ IfLiO-KAte has tM?en studied by Shapiro & Parpart Tlf37 
and the pernieamlitv constant is found to lie between the hitth 
valu*" of the er\thrcK:vte and the low value of the Arbaeia egg 
I cible XXI . These authors of)ser\'ed that the rate of exosmosis 
o! water from the cell is aU>ut four times greater than the rate 
of f ndcmniosis. ITis result differs from that of Lucke ei aL 
with who found the rate of endosmosis to be slightly 

^ater than the rate erf eKommms, Whether or not these differences 
i.n fM^rimeabiliiy c^stan^, acetMtIing as the water molecule is 
entrririf or leaving the imply an asymmetry in the membrane 
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i% difficult to saVj since the cells are obviously under different 
fXl^rimental conditions in the two cases, even though these 
differences may not be very great. 

Kekwick & Harvey (1934) claimed that the permeability of 
the Arbacta egg to water was reduced under anaerobic conditions ; 
however, Hunter (1936; has shown that the differences found by 
Kekwick & Harvey were sufficiently small to lie within the normal 
range of variation of the permeability of different samples of eggs 
to water, and that the permeability was apparently uninfluenced 
bv modifications of the oxygen tension of the medium. 

The effect of fertilisation on Arbacia eggs was studied by Lillie 
1916-1918}, and it was shown that on fertilisation the per- 
meability is increased about fourfold (see also McCutcheon & 
Lucke, 1932; Stewart & Jacobs, 1936); results with artificial 
fertilisation, e.g. with butyric acid, also indicated an increased 
permeability, but the results were irregular. A similar increase 
in permeability on fertilisation has been observed by Maxia 1934 
with the egg of the sea-urchin Faracentrotus lividus. 

Baptiste (1935) has studied the influence of ions on the per- 
meability of potato and carrot disks to water. Soaking the disks 
overnight in hypotonic solution of the chlorides of potassium, 
ammonium and sodium produced an increase in permeability 
over the control, whilst the chlorides of magnesium and calcium 
decreased permeability. De Haan (1935: has shown that the 
permeability of the epidermis cells of onion scales to water may 
be affected differently by the same salt according as the con- 
centration is varied. Thus calcium nitrate and Co XHg gClg 
decrease permeability in low concentrations but increase it in 
high ones; sodium nitrate produced only acceleration. A possible 
increase in permeability to water due to mechanical stretching of 
the membrane is indicated by the exact determinations of 
Levitt et al. (1936) on onion-scale protoplasts. 

Beck & Shapiro (1936) have made an interesting preliminary 
study of the nuclear membrane of the egg of Asterias forbesii^ the 
results suggesting that the nuclear membrane has a permeability 
sot less than that of the plasma membrane. 

Gross (1940) has found that the protoplast of the plankton 
Ciganism Ditylum Brightwelli, when transferred from sea water 
to iK>tonic NaCl, shrinks in a few seconds to a small fraction oi 
lU previous volume. This loss of water, and perhaps also loss of 
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f'lr » fw:rurs any diilerencc of osmotic pressure acrc»s 

ifir ifieinf.Tjia\ Fr^-.in unpublished results of Gross it has i>eeri 
rail that lie* ’A.iitfr Imss iHav be as high as 2fi^ per jjl- per sec., 

4 reiharka’uh hiifh rate and only compatible %vith a passage oi 
i% 4 i *4 fhrMULrh 4 inrrnbrane oi’ great porosity, or else with water 
exrreiisjii h\ a nvei f?fficieni mechanism, perhaps of the contractile 
\acuolr Further investigation of this phcnomenoiy, par- 

liriilarly hv impedance studies, should reveal valuable information 
on the rniKies of l>ehaviour of the ceil membrane. 

Siarlinir formulated the principles governing the passage 

01 water ihroirgh the walls of the blood capillaries. If the hydro- 
sf.tiic" pressure at any dveii point in the capillary is greater than 
the ditference in colh.tid osmotic pressure of the fluids on the two 
sides oi tile (Mpillary' wall, water is filtered out from the capiliaiy 
into the tissue spaces. If the colloid osmotic pressure difference 
is higher than the hydrostatic pressure, fluid flows into the 
capillaries from the tissue spaces. 

Landis i has studied the permeability of the capillaiy 

wall to water, finding with the frog capillary a permeability of 
ry^r u* per sec. per atmosphere osmotic pressure 
ditTereiH:r.\ Ihis is a value far greater than is found for any cell 
menf^jrane, and the water flow in this case occurs mainly through 
p)orrs in the capillary' wall. The factors affecting permeability 01 
the capillary wall have been reviewed by Landis (1934 and a 
<|uantitaiive analysis has recently been given by Danielli 194o . 

Heaiy Water, Since the discovery^ of the isotope of hydrogen, 
c arious studies on the biological influence of heacy^ water have 
lieen made. So far as permeability is concerned, Lucke & Harvey 
have louod no difference bctw’een the permeability con- 
stants of H^O and DgO penetrating into the Arbacia egg; these 
authors noted that D/3 is definitely injurious to the cell. Parpan 
has shown that 1^*5 '‘0 pure D 2 O penetrates the ox and 
rat ervThrocc'trs at rates 44^^J less than the corresponding rates 
lor HjO: this author failed to detect any injurious effect of D^O 
on red cell. Brooks (1935; has found similar results using 
sheep erahrocyies, but argues that the difference in apparent 
petmcalality may really be ascribed to an initial tendency for 
HgO iB€i«Miks to piM out of the erythrocyte into the surroundii^ 
lic'pDioiiic DjO ©wing m the difiTarcinx in fugacity. In the ca^ 
cM ifie different expOTmental conditions tmder which the Arbma 
e^’s pmieability w^as measured. Brooks argues that it is quite 
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|:Kmil3le that no such ciifTerence of fugacity would have been 
prescnit and consequently no initial movement of D^O out of the 
cell; thus the failure of Lucke & Harvey to detect a difference in 
pt^netraiion rate would be accounted for. 
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CHAPTER XI 


PERMEABlUTr TO PROTELXS AA'D TO LARGE 
LIPOID MOLECULES 

Bv J. F. Danielli 


1 Permeability to Proteins 

G ishuM I V vf>eakiiiir, the plasma membrane is supposed to be 
mij'iermeablf to proteins, though in certain cases, as in the 
1 c 4 ri:/\nies and the penetration of\iruses, proteins must 
ihromh tie* membrane in some manner. Penetration of the 
piasnii membrane h\ a protein molecule containing many polar 
k^roup^ srerns unlikely from a qualitative point of view. It is of 
inirresi to calculate the ma.Klmum possible rate of penetration. 

Ihii has Wen done in two ways, assuming that the plasma 
meinhratir is a thin li{x>id layer ; Danielli, 19406). In the first 
case \se can assume that the protein molecule diffuses into the 
pliMn.i meiiibraiie in just the same way as small molecules do, 
I hi 5 U’^ the maxiinuin rate of penetration of a small protein 

siirh albumin, of a single molecule penetrating 1 cm.- of 

raemltranr m years, per gram mol of protein per litre 
concentration difference. This rate is far too low to be of practical 
iir,:p^?rtar’.A e even for the infection of cells by viruses. In the second 
case we can assume that the protein molecule penetrates only \vheii 
a molecule has sufficient kinetic energ\^ to knock a hole in the 
plasma membrane large enough to allow penetration of a protein 
molecule. This gives a maximum rate of one molecule per cm.- in 
p#®* \ ears- -again a negligible rate, even for infection by viruses. 

The^ are the only tw o w^ays in which a protein molecule may 
through a thin lipoid layer by simple diffusion. Consequently, 
we can asK^rt with some confidence that wffien proteins penetrate 
info the interior of the cell, they must do so through some specially 
differentiated pan of the cell membrane. In view of this, it is 
intercstiag that vini^ arc supposed to infect a plant only when 
they can reach ti^ pn>toplasm through the surface of a damaged 
cel, iimI tlmt mfection of healthy cells is supposed to occur via 
the proioplasinic connccticaw between .adjacent cells. 

In ihe case of porom membranes, the passage of proteins is 
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deiermiiicd mainly by pore size. The glomerular membranff of 
the kidney appears to be permeable to all proteins of the same or 
Ins diameter than red ceil haemoglobin Bayliss ei al. 1933.. The 
average diameter of the protein-permeable pores of this membrane 
thus lies between 4 and 5 m/i, and since serum albumin never 
appears in normal urine there are normally no pores as large 
as ti rn/i. The frog's capillary membrane has a rather greater pore 
sizCj allowing slow passage of serum albumin and possibly, to a 
lesser extent, serum globulin. In the absence of platelets, oval- 
bumin, serum albumin and haemoglobin penetrate freely, and so 
do the smaller of the particles of gum acacia Drinker, 1927 ; 
Saslow, 1938; Danielli, 1940^,. In the presence of platelets, 
penetration of these substances is greatly restricted. The average 
diameter of the protein-permeable pores in the perfused frog is 
about b mfjL or less in the absence of platelets, and in their presence 
a few pores of this diameter persist. 

The permeability of both the glomerular and the capillary 
membranes to proteins is greatly increased by oxygen lack and 
by respiratory’ poisons. The action, however, is not on an active 
transport system; the increased permeability arises from the 
response of the cells forming the membranes, which behave in 
such a way as to allow the pore size to increase. Thus Krogh 1929 , 
and Landis (1927, 1928; have shown that oxygen lack and 
respiratory poisons cause capillary dilatation accompanied by 
greatly increased permeability to proteins. Starling & \"erney 
11925 have found similar behaviour with the glomerulus. Krogh 
has advanced the view that dilatation and increase in permeability 
are inseparably linked. This may be so, but on the other hand 
increase in permeability may occur without dilatation if the 
blood platelets are removed (see Danielli, 1940^, re Saslow, 1938 . 
The factors affecting permeability of the capillary membrane to 
proteins are therefore (1; pore size, (2} particle size. The first of 
these factors may be varied by dilatation and contraction, by the 
presence or absence of platelets, and by foreign proteins or 
pK>lypeptides. The degree of dilatation is partly controlled by 
innerv^ation, partly by hormones in the blood. Foreign proteins 
and polypeptides may displace other adsorbed proteins from the 
walls of a pore, becoming adsorbed themselves instead. Then, if 
the diameter of the foreign protein body is less than that of the 
original adsorbed protein, the capillary pore size will be increased, 
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and cofisequently so will the permeability to proteins. This 
plieBoriirncjn is used to increase permeability of collodion mem- 
branes fo pruirins, A collfxiion membrane with a pore size 
slisrfiti^' irreauT ibuin that ofihe protein wliich it is desired to filter 
may quite impermeable to the protein in dilute salt solution, 
due lo the blocking of the pores of the membrane by adsorption 
ol’ proirio. But, if higher {xilypeptides of small diameter, such as 
arc found in Hartley’s broth, are added, adsorption of protein is 
restricted and penetration will occur. This phenomenon may be 
responsible for the increase in capillary permeability to proteins 
found when hiirher polypeptides are present, and for the appear- 
ance at serum albumin in the urine when ovalbumin is present 
in the blood stream. It may also be responsible for many of the 
toxic aibumirmreas occurring in ''kidney disease”. On the other 
hand, it is pcBsible that the action of the polypeptides is chemical. 
The relative importance of the physical and chemical actions has 
vet to lx? elucidated. 

The permeability of capillaries to colloids is affected by many 
drugs. Very important papers dealing with the relationship 
lK?twren the action of certain drugs and the occurrence of ''shock" 
are thcBe oi Dale & Richards 1918^ and Dale & Laidiaw 1919 . 
HLbumine causes dilatation and increased permeability to 
colloids. Adrenaline has the reverse action. See also Feidberg 
k Schiii :193b;. The action of drugs, however, varies markedly 
Irom s|xx:ici to species. 

line walls ot the intestine also appear to be slightly permeable 
to fMTOteins. I'his is shown by the albuminurea wjiich may follow 
ferding erf* ovalbumin, and by the reaction of allergic patients to 
letding with proteins to which they are sensitive. The route of 
almorption ol ihe^ proteins is unknowm; it may occur via pores 
itiio the capillaries and particularly into the lymphatics; it may 
ato cccur by ingestion by the leucocytes which w^ander between 
ihe w alls of the intestine and the intestinal contents, or even follow* 
MMchaiMcally in the w’akc of these leucocytes in their wanderings 
thrm^ the waXk oi the capillaries and lymphatics. Verzar (1936j 
p%« a wmt d^aded of the experimental observations, 

r A at present unsolved, is propounded by 

I the m pit^can faMnsoncs as insulin and secretin. Arc 

It^y ahk to cell iMiabrancs, or do they act upon the 

of cds? 
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2 Permeability to Large Fatty Molecules 

As typical molecules we may take stearic acid, tristearin, chole- 
iirrol. lecithin and carotene. And for typical membranes the 
inresiine, the capillary, and cell plasma membranes. 

In diffusing across cell membranes these types of molecules can 
rradilv penetrate into the lipoid layer of the membrane, and in 
iriost cases diffusion across it is probably relatively rapid. But to 
diffuse out of the lipoid layer into an aqueous phase is more 
difficult, and in many cases this probably constitutes the dominant 
barrier to free diffusion. In order to get out of the lipoid layer 
kinetic energy of at least 500 to 1000 calories per CH 2 group is 
needed;* tliis amounts to perhaps as little as StXX) calorics for 
stearic acid, but for a molecule such as tristearin may be as high 
as IKblX)0 calories or more. Stearic acid may therefore be able 
to diffuse relatively rapidly into, across and out of the cell 
membrane. But for a molecule such as tristearin diffusion out of 
the membrane is probably practically impossible. In addition 
some fatty molecules may not be able to move out of the membrane 
if in the plasma membrane there are molecules forming specific 
complexes, such as the complex between cholesterol and digitonin, 
or between fatty acids and bile salts, since such complex formation 
will raise the minimum energy- necessary before a molecule can 
diffuse out of the membrane. t 

It must therefore be considered probable that molecules such 
as tristearin, and perhaps the sterols, if they penetrate the plasma 
membrane, do so by some special process. For example, it is well 
knowm that if a monolayer of fatty" molecules consisting of two 
dffiferent molecular species is compressed, in some cases one 
molecular species will be squeezed out of the monolayer into the 
underlying aqueous phase. A film which would otherwise be 
completely stable may thus be separated into its two components 
by a comparatively small pressure. The component w’hich is 
^ueczed out may then show spontaneous formation of micelles, 
which can diffuse elsewhere, or may enter into combination with 
proteins, or other cytoplasmic colloids. Such “squeezing out'" 
ftrees may readily be exerted on the plasma membrane by general 
movements of the cytoplasm. 1 1 

* Use correct figure is probably of the order of 2500 caiories per CH* groups 
bat a lower figure has been used so as to obtain the maximiim pc^sssifale rates 
cf po^tration. 
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In the i!i!f'sti!ir tribirarin pt^netrates partly as neutral fat, 
f-A the La' tf\il-!yni:.}hatlc route to the fat depots* and 
.d'U'i hydrolysis to stearic acid and glycerol, passing loihf 
li\?n vi*s the |>onal vein. Stearic acid exists in the inte^-tirie 
|.i!!\ (iruplets, in tnicelle.s largely in combination with bile acid^ 
and !«> .1 very minor extent as individual molecules. The con- 
crritrafion of individual molecules must be very low, for 
fiiaxiomin solubility' of stearic acid as individual molecules is 
almit one pan or k*ss in b P of water, i.e. roughly 10"M/ or less, 
'Fhesf* indi\ idual molecules, contrary to the remarks of W-rzar. 
will Ijf' .ilrno:*! completely ionised at pH 6*7, the pH of the intestine. 
At the surface of the micelles and droplets, the pK of fatty acids 

dispLiced Uariridgt* & Peters, 1922: Peters, 1931; Danielli. 
l!*37 , a!Mi at pH *>-7 the degree of ionisation will lie between 
o aral . . ITis, however, may be diminished by complex 
formation l^etween fatty acid and bile salt. Thus a fatty acid 
molecule may present itself to the plasma membrane of the 
iTiurcB*il cells as either an ionised molecule or as a 

neutral molerule ROOM . In practice it is found that the rate 
«»!' pmetfatiem is neiilitrible unless the fatty acid is emulsified k 
bde This b probably because the solubility of the fatty acid 
iS M \ ilia! tine nurnlxT of molecules diffusing into the intestinal 
muf«>sa crnl membranes is negligible unless the fatty acid is 
rmuhified. Both the ionised and neutral molecule will readily be 
able to penetrate into the plasma membrane of the cells of the 
villi, and the molecule will become oriented at the external oil- 
water interface with its polar group or COoH^ in the 

aqueous phase, and its hydrocarbon chain (i? = C„H 2 K-i. dis- 
%iA\nl in the lipoid layer of the membrane. If the fatty-acid 
in^deciile has reached the plasma membrane as a molecular 
complex with a bile salt, the complex may be broken down, so 
that the bile salt is free to act as a carrier for further fatty-acid 
uiolrcoles, In addition other unknown mechanisms may convet' 
fatty acids into the mucosa cells. Beyond this point there is no 
evidence ; the proems by which fatty acid moves from the external 
surtace of the plasma membrane to the interior of the cells is 
qiiiie linkiiowii. It may, however, be said that diffusion acro^ 
ti» interMM^ erf* nositilwanc is probably also quite rapid, but 
liiat difftmk>a «it erf* the membrane into the aqueous phase of the 
iriijccifea cell is a di^rult procc^, due to the difficulty of 
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removing the hydrocarbon portion of the molecule from the fatty 
Uyer. Similar remarks apply to the other fatty molecules. There 
^ lome evidence s A’erzar, 1936, discusses this; that a phosphoryla- 
uoa mechanism comes into action at some point in the process 
id transier of fatty acid from the gut to the lymph, but at what 
stage is by no means clear. It is possible that the fatty acids, 
sterols and carotinoids move out of the membrane of the intestinal 
cells into the interior of the cells by simple diffusion. For example, 
d rat with an intestinal villi area of 4o0 cm.“ can absorb about 
3 5 grn. of triolein daily. This is equivalent to IQ-* gm. mols of 
fatty acid per cm,- per day. From the equations given by 
Danielli Appendix A;, one can calculate that the maximum 
po^ible permeability of a cell membrane to oleic acid will 
probably lie between 1G~- and gm. mols per cm.- per day, 
if the concentration of fatty acid in the fatty layer of the mem- 
b-ane is kept at 1 gm. mol per litre. This concentration is a 
periectiy possible value, so that the observed rate of absorption 
may possibly be due to simple diffusion across the cell membrane. 
This appears the more probable in that inhibition of phos- 
phorylation does not prevent penetration of fatty acid into the 
ceils —it merely stops synthesis of this fatty acid into neutral fat 
Jeker, 1936; Verzar & Jeker, 1936;. 

The mechanism whereby neutral fat passes into the capillaries 
Frazer, 1938y is quite unknown. It is quite certain that it does 
not do so by simple diffusion of single molecules. 

In the absorption of sterols from the intestine a much more 
specific permeability is exhibited. Cholesterol is absorbed fairly 
rapidly, but allocholesterol, the four isomeric dihydrocholesterols 
and the plant phytosterols are not absorbed at all (Schonheimer, 
1929, 1932). All these substances are emulsified by bile salts and 
should readily penetrate into the plasma membranes of the 
ateorbing cells. Beyond this point we are again ignorant. Verzar 
4936) is of the opinion that esterification of cholesterol may be 
an essential step in the movement of cholesterol, and that other 
sterols may not be absorbed because they cannot be esterified by 

ceil enzyme systems. In addition there are fairly marked dif- 
ferences in the behaviour of sterols in monolayers (see particularly 
Adam et ed. 1935) which may assist in the process of differentiation. 

Lmthin appears to be broken down into its components in 
diK; intestine and absorbed as such. Carotene possibly penetrates 

BO 
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bv simple diiriisioii. since it has been found that, for example, 
bwi inirni. of f^hexadecane may be absorbed daily 'comparcil 
e'ranis of neutral fat^-, and hexadecane cannot enter 
r}piiiic.al reactions and consequently must be absorbed by a 
p!i\ Mcal process. So far as is known such substances as phyiol and 
olr\| alcohol also penetrate by simple diffusion :;Channon ei a! , 
I!i 26, rtc. . 

On the permeability of the blood capillary^ membrane to fats, 
comparatively little work has been done. A most interesting 
indirect study is that of Sullman & Verzar (1934; on the apparent 
particle si/e of the fat in scrum. Serum is known to contain pan 
of till as drt>piets, but part of it exists in a colloidal form not 
v bilde under the microscope. This was studied b\’ observing the 
relative rates at which water blue f diameter T2 mft;, Congo red 
diameter 2 riift , serum proteins ^ diameter 6 m^t or more, and 
bh>*jd fat pass through . collodion membranes of varying per- 
meability. rhe results are shown in Table XXV. Membrane; 
which are f^rmeable to protein appear also to be permeable to 
pan c?f the serum fat. As the capillary membrane is permeabk 
to protein, it is presumably also permeable to part of the serum 
tat, U hetber tlrb fat, w hich is free to diffuse through the pores o: 
a |>>roiis membrane, is in the form of fat micelles or of fat-proteii; 
complexes is not knowm. 


TABLE XX\\ Perm! ABILITY or graded collodion membrano, 

TO DY'ES, SERUM PROTEIN AND SERUM FAT 
Pore sijte from A to F. - denotes membrane permeable 


Mrmbiaiie Water blue Xile blue 
J 
H 
t 
D 
£ 
f 


Diffusible fat as 
Protein of fat in serum 


2-8 

24-27 


It is clear from what has been said that of the permeability 
^ natural membraiK^ to fats and proteins very little is known, 
ckfpite the phymok^ical importance of these compounds. 

It is quiie that in the past far too little attention has 

given to tht o£ phagocyde or amoeboid activity, 

It is well known that in tlic lower animals, e.g, sea anemoi^ 
digestion is very largely lurried out by phagocytic action. 
cells cM the higlier animals arc usually regarded as lacking in mch 
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aciiviiy, but it must be remembered that, in tissue culture, the 
; majority of cell types show that they retain the capacity for 
motion. It is far from improbable that most cells also 
retain the capacity for phagocytic action, if only in a modified, 
Specialised or restricted form. Such a capacity would be most 
important in the activity of the intestinal mucosa, in the passage 
(£ fat from and into the fat depots, and in the movements of 
protein molecules, etc. Many workers incline to the view that the 
ffstriciion of absorptive activity in e.g. the intestinal mucosa, and 
in kidney tubules by poisons which act upon phosphoryiating 
s^items, is due to a general poisoning of cellular actmty, and is not 
due to the absorption mechanism involving phosphorylation of 
the absorbed molecules. Such contentions would gain force were 
it demonstrated that phagocytic mechanisms are of importance 
in absorption. It is fairly certain that such phagocytic activity 
would depend upon the metabolism of phosphorviated sugars for 
Its ultimate source of energy*, and hence would be paralysed by 
phosphoryiase poisons. 

Recently Chambers & Kopac (1937 j have shown that fat drop- 
lets may pass spontaneously from the exterior of a cell to the cell 
interior. This passage appears to be dependent upon the fat 
droplet having a high oil-water surface tension, of the order of 
9 dynes cm. in the case of the cells studied by Chambers & Kopac. 
It therefore seems improbable that this mechanism can be im- 
portant for the mov*ements of fat particles which have passed into 
the blood stream or into cells, for all such fat particles are in 
ccnitact with protein and will have a surface tension probably less 
than 1 dyne cm. Nevertheless this mechanism should not wholly 
escape our notice, and in the case of absorption from the intestine 
its investigation may prove very profitable. 

To conclude, it may be said that students of absorption from 
the intestine and of intermediary^ metabolism have in the past 
relied too much on the classical methods of biochemistry, and 
have failed to analyse the physico-chemical processes which are 
an integral part of absorption processes. This failure in turn may 
have led to too much responsibility being implicitly delegated to 
the^ physico-chemical processes, and insufficient attention being 
l^id to the cell as an active organ. The investigation of absorption 
|Hi>blcms, with due attention to the full biological activity of the 
ceil, may well prove most advantageous. 
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CHAPTER XII 


permeability of erythrocytes to loys 

By H. Da vs ON 

PERMEABILITY OF RED CELLS TO AXIOXS 

The history of the emergence of the definite view that the 
mlhr<x:yte is specifically permeable to anions, e.g. d” and 
HCOJ, is interesting in that it demonstrates how complicated 
the equilibria of the erythrocyte appeared at a time when the 
Arrhenius theory^ of electrolytic dissociation i lS87 i had not been 
put forward. Zuntz (1868) and Schmidt 1867:, working inde- 
f^ndently, found that on passing CO^ into blood the titratable 
alkalinity of the serum increased far more than when serum is 
treated alone. The phenomenon of the ''Chloride Shift’* usually 
associated with the name of Hamburger was discovered by Xasse 
Ih 7 b , who found that chloride passed from serum to cells on 
bubbling COo into blood. Hamburger (1891j found that XO 3 
exchanges for Cl"* between cells and serum and also rediscovered 
the observation of Nasse on the chloride shift with CO., . and 
noticed an increase in the percentage of solids in the serum after 
treatment of the whole blood with COo. The general theory at 
this time as to the cause of the increase in the titratable alkalinity 
was to the effect that CO 2 combined with part of the base initially 
combined with protein in the cells, and the product, KgCO^, 
passed out into the cells in exchange for KCl. 

However, Giirber (1895) found no significant change in the 
Xa and K contents of cells and serum after treatment of the blood 
with COg, and in consequence of this discovery Koeppe T 897 
jx>stulated that only the HCO3 ions, liberated by combination 
of COg with the potassium haemoglobinate in the cells, diffused 
out of the cell in exchange for CF from the serum, and specifically 
made the assumption that the erythrocyte membrane was 
I»meable to anions. 

Hamburger (1893) was able to demonstrate a difference in 
the Q" content of arterial and venous plasma due to the difference 
in tensions of COg in the two fluids. 
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llir ft Rf^-ppr that ilic erythrocytes are permeable m 

Li-^ I rrniiiniied since; thus as early as l{m*} 

Haiaburirn \\-n Lier drinomtrated that SO^” and XO^ niay 
f.r rxrhancrd i-r Cl in the cells; in an indirect way they ^'showed 
:ra;t L B:. LiCiaXt\ salicylate, oxalate, phosphate, arsenate and 
.iI-m jMaietrate the membrane. Faha & Richter- Q^uitinrr 
, liMweier, daimed that undamaged erythrocytes were 
ioiiKTinealde to Cl" and also Straub & Meier 1919, claimed 
that ilie cell wa.s pernteable to anions onlv on the acid side of 
pn ^1-7: aifaiii, ■ 19-2 quotes some results of Peiow, froixi 

his ia!w>rat«iry, ^laj\%intf that blood is sometimes obtained which 
ti^inpleieK iin[K*rnieable to anions. In view, however, of the 
rraire r r% i r esul:.> # n Doisy Beckman ‘ 1 922^; , Henderson 192?^ 
and Dirken Si Mo^A 1931 , to choose just a few, on the distri- 
l>a!i«fii id Cr and HCO^ in the blood in dro and its variation 
with CO* tension, the claims of Falta & Richter-Quittner and 
of Straub Meier must be put aside. 

I'he literature contains many studies of anion permeability in 
respect to the erytfinxnte, but it is unfortunate that almost 
Without - '-'i they are only of a semi-quantitaiive nature, 

.Old iu rna!;\ the w^jikers have not been careful to distinguish 
a pnneabilitv pfocTss from an equilibrium condition. 

iechmann Fj 21 has made the claim that the rate of exchange 
of Cl with Br ’ is influenced by Ca. Thus, whilst without Ca in 
the suspension medium, he found a final ratio of bromide in 
cells : bromide in £uspens:f>n medium of 1 : 2*6; with Ca present 
the ratio w'as I : 6-2. These results are difficult to interpret, as it 
WG‘uld seem that Wiechmann was not, as he thought, measuring 
the rate oi penetration of Br into the cells; he allowed 2 hours of 
isLiSfK^nsiori in the bromide solution before separating the cells, 
and it ina\ definitely be stated that exchange of Cl” for Br" is 
over within perhaps as short a time as 1 min. During the courec 
of the cxf^rimeni he bubbled Og through the cell suspension in 
erder to reiMSve CO^: this treatment of course causes the cells 
to t^CHne alkaline and, by increasing the base bound by the 
haenMa^d^in, caustt the ratio of anion in cells : anions in serum 
10 smaicr. This explains his normal ratio of 1 : 2*6. 

A inspection of h-is rmilts 'Ca shows that he most probably 

i«d earlkr experiments on a different batch of cells ai 
» that in vww erf* the unsatisfactory nature of the 
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prccedurr it may be accidental that he observed the low ratio 

I : in the presence of Ga; at any rate the phenomenon seems 
definitely not to be an influence of Ca on permeability and would 
l^ar reiiivesiigation. 

Ege ,1922 , using the change in volume of cells in isotonic 
solutions of ammonium salts as an index to the rate of pene- 
tration of the anions, on the assumption that ammonium salts 
IK-netrate as XH 4 and gives the relative values for the rates 
of penetration of a number of anions. 

He states that tartrate and citrate do not penetrate. However, 
Ege ignores the possibility that poHwalent anions will produce a 
lunaller increase in volume of the ervThrocyte than monovalent 
ones, so that his figures are only of use in comparing anions of 
ihe same valence; in the case of the ammonium salts of weak 
acids, it seems highly probable that the mechanism of penetration 
involves the penetration of XH 3 and the undissociated acid, so 
that the method is quite inapplicable to these substances. The 
penetration of an ammonium salt will also produce pH changes 
in the cell which will modify its volume, so that in the light of all 
these considerations it seems very doubtful whether Ege's figures 
mean a great deal. 

Mond & Gertz (1929) have measured the rate of exchange of 
Cr with SO 4 ” across the erythrocyte membrane for a number 
of different species; these authors used a direct chemical technique 
and plotted curves showing the rate of exchange so that, as far 
as they go, their results are of a reliable nature. The rates of 
exchange were found to vary with the species of erythrocyte 
concerned and were in the order: 

man > pig > horse > goat > sheep > ox. 

They compared these rates with the rates of penetration of 
erythritol into the same cells and obtained the same series : 

man > pig > horse > goat > sheep > ox, 

and concluded that both anionic exchanges and the penetration 
of lipoid insoluble substances such as erythritol occur through 
pores. 

The experimental material presented, however, is, in the present 
writers’ view, entirely inadequate to maintain such a petition. 
Thus only SO 4 ' of all the possible aniom has been stuched; also 
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onl\ entfiritcl of the lipoid insoluble non-electrolyies, yet it hm 
been seen iliaf certain species show quite irregular permeahilitie. 
tri kdven sumtances, e.g. the mouse in the case of erythritol and 
inaniiitol and it seems very likely that if Mond & Gertz had 
difBrn tinuther substance than erythritol an entirely differeoi 
lerirs of rates of |>enetration would have been obtained. Inci- 
dentally, ficnires on the permeability of a slowly penetrating 
substance like er\*thritoi based on the haemolysis technique. ai 
tho% quoted by Mond & Gertz were, may be unreliable in viru 
of the recent work of Davson 1039 on the escape of electrolytti 
frf3m the erythrocyte in non-eiectrolyte solutions. 

llie questH>na!de logic of Mond in respect to his pore theon 
h demonstrated by his interpretation of his results 1930 on the 
CF— exchange in the goose erythrocyte. He found this 
eiteharige to occur more rapidly than with human cells, yet goose 
cfih are not permeable to glucose, whereas human cells are. 
Therefore, say*s ^^ond, glucose does not penetrate through a p 4 >rt 
but by some other mechanism. 

Orskov 1933 , using chlorine and iodine electrodes, claimed 
that the Cl — HCO; exchange occurred within 15 sec. and that the 

1' dKX.)7 vx'- within 7 min.; the figure of 15 sec. 

is large c^unpared with the value of less than 1 see. obtained with 
another meth«>d by Dirken & Mook T931 At any rate, results 
obiained with these electrodes must be interpreted with caution, 
as it WTim to the writers very* doubtful whether they are suitable 
for t>iolori€ai conditions, especially as Orskov 1 1934 ■ has changed 
his mirid in respect to some of the obseiv’ations described in the 
earlier paper. 

Maizeis bX34 has studied the permeability of the human 
ervthrocvte to some forty different anions. Maizels placed cells 
with their normal HCOg and Cl” contents into solutions con- 
taining equivalent quantities of KCl and the K salt of the second 
anion to investigated. After an interval of 5 min., the suspension 
was centrifiiged and the cells analysed for Cl” and sometimes for 
the ariioia studied; usually, hoveever, the quantity of anion 
^netrating was obtained by difference. The ratio B 'Cl, where 
B k the -aTOmnt eff aition in the cells and Cl” the amount 

of was t«d as a measure of the difference in the rate 

f As (1937) pointed out, this ratio Bid k 

to the ndativic lattsi of penetration of J?” and Cl”, and 
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s of' value only in comparing different second ions B~ with one 
in*>thfr. The results of Maizels’ experiments appear eminently 
rfa>onable and consistent with other data on molecular per- 
meability. He found that the inorganic anions penetrate in the 
following order: CXS" > I" > NO^ > GF > SOI" > H 2 PO 4 . With 
iiiphatic anions such as acetate, propionate, etc. he found that 
the rate of penetration increased with the size of the non-polar 
part of the molecule. With hydroxy- and keto-acids he found that 
the OH or CO group slows the rate, and the more effectively if 
in the 1 position than in the P position. He claimed that oxalate 
penetrates more rapidly than GF; but malonate and succinate 
more slowly. Substitution of — OH or — NOo groups in the 
nucleus of benzoic acid increased the rate of penetration. 

Timm (1937) has measured the escape of chloride from pig 
enihrocytes suspended in isotonic solutions of sulphate, phos- 
phate, oxalate, lactate, aceto-acetate and hydroxy-butyrate by 
means of the chlorine electrode; this author has failed to dis- 
tinguish between differences in rate and differences in equilibrium 
pofsition, and from the curves presented it is not possible to 
distinguish between the relative rates at which the exchanges 
vKCur. 

Holder 1936), using the ammonium salt technique of Ege, has 
studied the penetration of organic anions ; it must be remembered 
that this technique is probably rather inadequate for the study of 
the anions of weak acids and it is likely that the results are due 
to f^netration both as anion A" and as free acid HA. Hober 
otecrved striking species differences; thus the ammonium sui- 
phonates of benzene, toluene, naphthalene and naphthylamine 
would not penetrate the erythrocytes of the ox and sheep, whilst 
in the case of human and mouse erythrocytes their penetration 
was more rapid than that of sulphate. With aliphatic fatty acids 
the rates of penetration of the ammonium salts were more rapid 
than that of sulphate and increased with the length of the hydro- 
carbon chain. With aromatic acids salicylate penetrated more 
rapidly than benzoate and phenylacetate. The ammonium salts 
of succinic, tartaric, fumaric and citric acids did not penetrate the 
erythrocytes of all the species examined, glycolate penetrated at 
ak>ut the same rate as acetate; lactate and pyruvate more slowly. 

Hie criterion of penetration was the observation of haemolysis 
aiMl the method used was not a sensidve one for measuring small 
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Ifiili.d aiii^Aiin^ hI‘ haf‘inol> that it is not imp<j.^sible tha,i. 
■»%!srrr inijifTna-aii]lit\ h rlainicd. in fact some penetration did 

j’C* nr 

In a? Hfi!jer'‘s results* Dziemian :'1939, claims tba: 

;ul the examined by him cat, sheep, dog, rat, ox. 

raK^rat, monk«^\ animoniuni benzoate penetrated more rapkilv 
fhari amii'iunium salirslale: further, the species relationship! 
claimed by Ho!>ct iri regard to the penetration of the animonium 
%Au f»l' li|x>id solu!)le acids were also not found to be constant but 
\arieti \sith the salt studied. Xo correlation between permeabilit\ 
and* !nx>id content of* the erythrcxwte was found by Dziemiaii. 

Aivntilnv^ i<> Keilin and Mann 1941 ,when red cells are washed 
with acid [)h«»-phate buii'er. their permeability to anions is lost. 

Has review the published work on anion permeability in the 
frvthr«x’vie re\eals the unsatisfactory’ nature of our knowledee 
Hith rf*spect to this branch of ionic permeability; thus, quantitative 
nteasumnents are almost completely lacking, so that it is in> 
to state \%hetheT the interesting ion thiocyanate penetrate- 
. - ten or a hundred limes more rapidly than the chloride ion, 
ii'wl remark' applv to practically all the other aniorv; 

nsennoia.ti h^Tf^ 

PERMEABILITY OF RED CELLS TO CATIONS 

in the earlier chapters of this book the erythrocyte has beer: 
treated as a s»ilt -impermeable cell, and this impermeability has 
speciftcally ascril^ed to an impermeability to cations, whils: 
4riions lia\ e l^eeri assumed to penetrate freely. The work descrilxd 
on the l>eha\iour of the erythrocyte to anions leaves no doubt 
that the ianer is |>ermeable to this species of ion; it follows then, 
is we have seen in Chapter in, that, unless secretory activity is 
irnohrd. the erythrocyte must necessarily be impermeable to at 
least one of the cations Xa and K if it is to maintain its integrity 
4S a cell for any length of time. 

Recently Davson :i94<>a; hasshowm that the cat erythrocyte is 
l^meaye to both |K>ta^um and sodium, and this, therefore, 
would wtm to surest that a cell may be stable under tl^ 
in spite d the mimdarations mentioned earlier. TTih 
wmiM pQ«ble if tl^ plamaa surrounding the ceil contained 

lMiaM:es w^ch c<miM not diffuse into the erythrocyte in a total 
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“ciscentration equal to the calculated difference in osmotic 
ptcmrc due to the unequal distribution of salts and protein 
0‘0i -If/'- It is doubtful, however, whether the blood plasma 
dm actually contain this quantity of indiffusible substances.* 
The work of Davson consists of in vitro studies, so that there may 
» some specific factor in the blood of the intact animal which 
inhibits the penetration of one or both of these ions (see, howevery 
Robinson & Hegnauer, 1936). 

Apart from the above-mentioned difficulty in postulating an 
m'throcyte permeable to cations, there is a further one in that 
tk er>Throcytes of practically all species contain a much higher 
concentration of potassium than that in their surrounding medium 
Table XXVI} ; consequently a metabolic activity must be further 
postulated to account for the maintenance of this concentration 
ijTadient. 

TABLE XXVI. The sodium and potassium of the erythro- 
cytes OF DIFFERENT SPECIES EXPRESSED AS MILLIMOLS PER lOCH) GM. 

Kerr, 1937) 



Potassium 

Sodium 

Rabbit 

99 

16 

Rat 

100 

12 

Man 

110 


Monkey 

111 


Pig 

100 

ii 

Horse 

ss 


Goose 

90 

7 

Guinea-pig 

105 

15 

Sheep 

18 

84 


64 

16 


58 

46 

Ox 

22 

79 

Dog 

**9 

107 

Cat 

6 

104 


Investigations on cation permeability in the erythrocyte may 
be divided into two classes, that in wffiich the work has been 
deigned to show whether the erythrocyte is under normal 
conditions permeable to cations, and a second class in wffiich the 
more general problem of specific ionic permeability is envisaged; 
in this latter class of work the investigator is not greatly concerned 
with the behaviour of the erythrocyte in respect to its specific 
|%siolc^ical functions but rather an apparent impermeability to 

* GhMme penetrates very slowly, so that if glucose on penetration into the red 
^ k immediately metabolised, at least half of the osmotic j^essure mxtssstxy 
mj be made up by the blood sugar. 
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oiiofis ui.d-r ;.div^ir»luirica! conditions is tacitly assume 

a!id on ihr mechanism whereby this Im^ 

p-n-aadadn > nuiiituinr-d. i.e. whether a metabolic process b 
r-^»nrr*r!a-d n not, \sh.ii ^^hal special characteristic of ly 
can tine inipenneahiiity be associated. The work 
to the iormer class consists chiefly of i;i vk j studies, 
and in vi^-w at' the limited \iew-point of this sort of investigation 
4.1'id the ina!)i!it\ adequately to control the environment of the 
frill ronditiont“d by the in iho nature of the work, this class nerd 
not des<TflK^ iti detail. 

Dobv k Kaion llCM arid Wakeman et aL '1927 concluded 
Irvnri tlsrir studies iiLtr the er\iliro€ytes of man are impermeable tu 
catjefus I he\ \ aried the cation concentrations in the plasma. Eisen- 
mMin tt aL iKIT and McCance '1937: show results indicating 
ihf oppmiie \-ie\v-pctint, Kerr 1 92(1 has shown that injection o-: 
large quaniitit^ of saline or glucose solution into the dog causes 
cation exrhanites !>etween the ery throcytes and the plasma, and 
Vannei it aL I9ti5 find no shift of cations across the erythn)cytf 
membrane in the ca^e ot the monkey and rabbit, whilst with 
dr»c !hf\ find definite evidence of a movement of sodium. Thest 
aiidiors p^iinf out that in general species with a high Xa conteiu 
in tlear ce]I^. r .ig doa, <*x. sheep, permeability to cations seeim 
to occur in CfUiforinity with this view, we have the findings o; 
Robinsi>n ^ He-^nneuer and Hegnauer & Robinson :T93(5;, who 
pnwidr unmistakable e\idence of the shift of cations across the 
membraoe of the cat er\ ihrocyie, which contains chiefly sodium: 
the more recent work of Cohn & Cohn (1939 , where the 
radice active isot*ape technique was used, which demonstrates a 
leadv of the dog erythrocyte to sodium; and that oi 

liahn ft aL 1939 with the same technique, showing a very small 
permeaLdlitv i>i the rabbit erythrcKyte to potassium. 

The work l>eionging to the first class, then, indicates that in 
certain species, notably the cat, sheep and dog, a change of the 
scditim and |K>tasslum content of the serum is followed by 
adjmiwxrm in the ceils indicating a permeability to one or ]x>th 
erf ihiM' imm; evkience in respect to other species is conflicting. 
Himever, many in tim studies cannot be considered to be vaj 
reliable in this ii^tance owing to the possibility of the liberaticm 

toxic factors into t!^ Wood, as a result of the sometimes ratte 
drastic mcthoch W isidiiciiig changes in the plasma content d 
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^ium and potassium. Further, there is no control of the cells 
expcnmented upon; thus the sudden liberation of new ceils from 
?fif spleen into the blood stream during the course of the experi- 
rsfBl would produce changes in the observed cation contents of 
ihe erythrocyte if these new cells had not the same average 
cOTp^ition as those already in circulation. Again, a change in 
the volume of the cells by the migration of water will produce 
a change in the apparent cation content, since a given volume of 
cells will now contain a greater or smaller number of cells than 
Irfore the water exchange, and unless this change in the water 
content of the cells is accurately allowed for (and this is a matter of 
mmc difficulty^ illusory results may be obtained. Thus McCance's 
alleged changes in the potassium content of human erythrocytes, 
when the subject is suffering from pronounced salt lack, actually 
rely on determinations of the haemoglobin content of the blood 
and only secondarily on the chemical analysis of potassium, so 
that the ICM-’o change he obtains may partly be covered by errors 
in the determination of this substance. It seems therefore that 
m litro studies must be the deciding factor in determining whether 
cationic exchanges occur. 

Turning now to the second class of work, a paper by Kerr may 
conveniently be chosen as the starting-point of this description. 

Kerr (1929) placed cells of several species in salines containing 
varying amounts of sodium and potassium and after about 2 hours 
of suspension analysed the cells for any changes which may have 
occurred. Changes in the volume of the cells, which, as mentioned 
atove, would have led to erroneous conclusions if not corrected 
for, were corrected for by multiplying the observ’ed potassium or 
sodium content of the cells by the factor: 

H 2 O in test cells 
HgO in control cells* 

In actuality this w^as an incorrect factor and might lead to 
considerable errors. The correct factor may be found by con- 
Bering the following example: Suppose w^e have 100 ml. of cells 
containing 70 gm. of water and 400 mg. of potassium. Suppose no 
chai3^ in potassium content occurs but that the cells contract in 
volume by 20 % due to the loss of water. The observ-ed potassium 
extent becomes now 400 mg. per 80 ml., i.e. 

400 X 100/80 = 500 mg. per 100 ml. 
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To Imnu s»^i>rrvni \alur to the true one, ii must be 
In thr ia% the ratio of the volume of the cdii 

111 ila-* tiow we use Kerrs factor, the raiiy 

oi water it: tlie two cases. We have in the first cm 

uatr ? --■■ 70 . In the second case iW JO — 20; 80 = of 
Mulliplyini^, we get 


4<l^t X X 

V ,Kn To 


= 440 mg. K per l(Kj mi. 


l”his factor is oliviously incorrect, since it gives a value oi 
44fi mge K |>er 0^^ mb. whereas the corrected value should be 

rue per nil. 

In >pite ot" thi^ inisiake, Kerr's experiments indicate a definite 
oi the erythrocyte to cations if the suspension 
medium i> chaimexi suthciemly. 

Kerr also oliserced that the cells showed a greater permealjiliiv 
to catiorts if they were suspended in serum than in an isotonic 
saline solunon. Ihus ox erythrocytes suspended in a saline 
conianunt? rng. K per ml. showed a greater increase in 
tlu if p^ta^^iUIn cotiients than did cells suspended in serum ot 
w hii h the content had been raised to 2(MJ mg. per 

4 hi^ p.beiiornenon w as investigated by Davson ■,_1934\5 with special 
irterrui e \o the leakage of potassium from ox cells suspended in 
iv^tonit XaCl Rdutitiii. 

It was shown that calcium was not an important factor in the 
leakage of prviassiuro from the ox cell in saline solution ; however, 
the interesting fact emerged that ox ceils leak potassium into their 
4Asn ^rum nearly as rapidly as they do into saline. This point 
was further investigated by Dav-son & Danielli (1938^;, whose 
results are sh<fiwn in Table XXVII, and it may' be seen that an 
iniporuiru factor in this apparent leakage is the centrifuging of 
ihe cell suspnsion ; this is particularly well show'n in the case of 
dc%dish rryihrocytes. which may be separated from their serum 
without centrifuging. When this is done no evidence of an escape 
of iKrtaMiiim in serum is found, but w'hen the cells are centrifugk 
a lc» irfiip to 9 ® y is fcHind. In the case of the ox there is undoubted 
evMence cd a continucH^ leakage of potassium, but this may be 
accrriiuat«l by the cehs more than once. The Io6S^ 

obtained by repeal washing of ox erythrocytes arc interestii^ 
in that a limit to the auKM3*iint of pota^um lost is reached after tK 
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washing. It may be that there are some ceils which lose 
i their potassium when treated in this way, whilst the remainder 
retain their impermeability. Recent work on the storage of human 
Diood for long periods (up to one month) indicates a definite and 


I \BLE XXVIl. The effect of centrifuging and resuspension 

* ON LOSS OF K“ FROM RED CELLS /DaVSCN & DaNIELLI, ItiSS; 


Exp. no. 

Species 

Treatment K* content 

I 

Dogfish 

Ceils allowed to settle once from serum 

1«>M 



Cells allowed to settle twice from serum 

1«A> 



Cells allowed to settle once from Ringer 

1 i M » 



Cells allow'ed to settle thrice from Ringer 

im 



Cells centrifuged once from serum 

93 



Cells centrifuged thrice from serum 

91 



Ceils centrifuged once from Ringer 

96 



Cells centrifuged thrice from Ringer 

88 


Ox 

Cells centrifuged immediately 

1<X» 



Cells centrifuged after 3-5 hours 

iw 



Cells centrifuged after 19 hours 

98 



Cells centrifuged after 24 hours 

96 



Cells centrifuged after 4S hours 

96 



Cells centrifuged after 98 hours 

95 



Cells allow'ed to settle from saline 

95*5 



Cells centrifuged from saline 

88-5 

S a) 

Ox 

Cells centrifuged from serum once 

kh:i 



Cells centrifuged from serum twice 

94 

3 b: 

Ox 

Cells centrifuged from serum once 

liH) 



Cells centrifuged from serum twice 

97 

3 f 

Ox 

Cells centrifuged from serum once 

Iw 



Cells centrifuged from serum twice 

99 

4 

Horse 

Cells allowed to settle from serum 




Cells centrifuged from serum once 




Cells centrifuged from serum twice 




Cells centrifuged from serum thrice 

lIMJ 

5 

Ox 

Cells centrifuged from serum 

hMJ 



Cells w ashed once in isotonic NaCl 

79 



Cells w'ashed tw'ice in isotonic XaGl 

72 



Cells washed three, four and five times 

72 

6 

Rabbit 

Cells allowed to settle from serum 

160 



Cells centrifuged from scrum 

100 



Cells washed once in isotonic NaCl 

98*5 



Cells W'ashed twice in isotonic NaCl 

95*5 



Cells W'ashed thrice in isotonic NaCl 

95*5 

continuous leakage of potassium (De Gowdn et aL 194() ; 

Scudder, 


1940). This may be restricted by addition of glucose (Smith, 1941 ; 
Maizeis, personal communication), and addition of glucose or 
iwcxmt restricts haemolysis in stored blood bv increasing the 
actamal osmotic pressure. The action of glucose however Is 
probably partly due to its utilisation as a metabolite. 
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l}a\si>ri Diuutiil Um. invesiigated the much quoted i 
lif Moiitl i!C*7 tf* the eilect that the impermeability of 
\ r ^ -■ ■■ '>■ i<> pfeiu\ e it>ns was due to the existence of a positive^ 
c liar Li\er of protein in the erv’throcyte membrane with an 
iMJcIrctfw’ pidiit of /.H s-3. Moiid described experiments pur. 
porting prove that when the membrane was made more 
alkaline than pH ^*3, i.e. when the protein in the membrane 
L*rcarne negati\'eK- charged, the erythrocyte became a seleciivelv 
canon perrravdi-k* cell, in other words, Mond was of the opimofi 
that the er\ ihrocyte membrane could behave as the amphoteric 
rnertihranes. uhirh change their selectivity to ions according to 
which vide of their isoelectric point they are on. Careful siud\ 
ot Mondk paper rec eals, however, the inadequacy of his exj^ri. 
mental prtR edure, the main objection being that he brought the 
cells to tlie required pH without the use of buffers, so that in 
armalitc when the cells were to be brought to/^H 10*1, they weit 
iniiially placed in a solution of/?H 12-8, a pH which is destructive 
ici tissues in general. 

"FABLE XXVI I L EfFECT of varying the pH of the med^i 

* S .‘HI K' AM C,i~ CONTENT OF OX ERYTHROCYTES DaVSO.N i 

it.ki il'.t mersal (»f pernneability claimed by Mond at alkaline _/)H 

Ci~ 

mg. per mg. per 

Exp, Washing fluid lOU ml. corp. ItHJ ml. cur: 


Un\i! asTicd 

7-4 

64-S 


R ir»of#*r 

7*4 

56-0 


Ringer 

90 

560 



7*4 

67-6 


Riiiger-^ KCI 

7*4 

88-0 


B*,Taie Ringer -rKCi 

8*3 

8S-0 



7-4 

72-7 

234 

G A cine Ringer 

7-35 

64-9 

242 

Gly rme Ringer 

9-10 

65-0 

153 

Give me Ringer 

10-0 

67-6 

llo 

bemm-*- Glycine Ringer 1 : 1 

9-63 

67-2 



XfoiMi wm abo working in a medium which, apart from the 
added alkaE, wm electrolyte free; this of itself is sufficient to emm 
the ox erythrocyte to become permeable to potassium (Joel, liM; 
Datmn, Wodkii^ under properly controlled conditioiB, 

Dav’K^n & DanielM Stowed that Mond’s claim was entirely m- 
(Tabk XXVIII). These authors have discussed tfe 
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pssible effects of potentials on ionic permeability in a biological 
sv$!fni and point out that it is the so-called thermodynamic 
potential across the membrane as opposed to the electrokinetic 
Lvjiential which is of most interest in this connection, and that 
tiif sign of the former potential is not necessarily changed by a 
change of the reaction of the medium (see Chapter xxi^. 

Ponder & Saslow (1930, 1931^; and Ponder & Robinson (1934^ 
ki\e found that the erythrocyte of the rabbit shows anomalies 
IS regard to the degree to which it will swell or shrink in hypotonic 
and hypertonic solutions ; these authors claimed that the cause of 
anomalies was the escape or penetration of cations due, 
presumably, to the deformation of the membrane by the changes 
m tonicity. If such a permeability could be induced, the results 
rtould certainly be interesting; however, Davson id936; showed 
that although these anomalies in the swelling and shrinking of 
the cells could be confirmed they were not to be accounted for 
on the basis of a permeability to cations. Xevertheless, Jacobs ei aL 
1936j claimed, also on the basis of indirect studies, that in 
strongly hypotonic solutions ery^throcytes became permeable to 
potassium provided the temperature was maintained at about 
C. A stretching of the erythrocyte membrane so as to enlarge 
[«>res which would allow of the escape of potassium is by no 
means an unreasonable assumption, and it was considered quite 
possible that the failure to obser\'e measurable escapes of potassium 
from the rabbit erythrocyte in hypotonic solutions was due to the 
lower temperature at which the wwk was carried out .20' C.^ ; 
the matter was therefore reinvestigated using six different species 
of ery throcytes (Davson, 1937). In Table XXIX some results 
arc shown and it is clear that the permeability to cations claimed 
by Jacobs tt al. at 40" C. is quite real and varies in degree ac- 
cording to the species chosen; in Fig. 34 curves describing the 
time course of the escape of potassium are showm; it is interesting 
that the permeability ceases w^hen a certain loss of potassium has 
occurred, and this has been shown to be due to the shrinking of 
the cell to its normal volume owing to the loss of salt; thus a 
reversible permeability to cations may be induced in the erythro- 
cyte by an apparently mechanical alteration of its membrane; the 
permeability is so small at 20° C. (the Qig is approximately 2 ) 
that significant losses of potassium are difficult to detect. It is 
mtoesting to note that the permeability produced in this way is 
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I4ti 


I ABI.L t. 

^ %'ti- < -f J i ‘ : 

•| s ,s .> ^ %l 5 ^ 


THL PUlA<sli'M CONTENT OT LK^lHRt. 
f.-N EXPOiVRL FOR I HOUR TO HYFo. 

SNO 4m C. Davson, 1937 


I. .^•. 1 of unirr^ied tdis k put equal to U^k Ih^ coricec. 

. "T ' To7J,,',,.u.ra,- gi^en iri parentheses under each species. .The 

oTUeni saned bets.een 42^ and 400 mg, per Im 
hone, «umea.pm and pig; the human svas rather L.wer at 
'a” ni per lul/l'hr values for the ox were of the order ol m» mg, p« 

1<«» ml ■ 


I rmperaiure 

5 

4^? 

SirMl I 
I nrq.rrature 

*o 

Le»i 

Mean 

! *»i?qjerat..iTe 

“i 

pi 

lj..m 

5»tean k.i&s 


RabWl H K'.l/ 


Horse 012 i/ 

p«l* 

|M» 

||HI 

lid 


Idi 

',*y 

PP 

Id 

97 


‘.»0 


NP 

H.7 

9lt 


n3 

n 

lo 

11 

7 


13 


11 



10 


Ox 

H 12. U 


Guinea-pig N ltui/ 

pp? 

]IMI 

li«> 

101} 

IlX.t 

ll«.» 

\*i 

92 o 

9o 

9S-5 

Id 

Id 

h7 

^4 3 

hO 

m 

93-5 

91 

7 

N 

9 

S-5 

4'5 

" 

Pig 

od2.vr 


Human 'O-IO.U 

he? 

ii*»i 

1«M» 


11M.» 

pHt 


9h 

9v5 

9S-5 

97 

99', 

94 5 

94 

95*5 

95-5 

94 

94 

3 o 

4 

3 

3 

3 

.1, 


3’5 



3 




Fis.. M. mm mmm ^ kw ^ K.”^ imm red <^lis in h\'potonk (0* i M 
bypi^lKMak:, k mm suffioentiy so to be haemolytk. 



PERMEABILITY OF ERYTHROCYTES TO lO: 

m no means large enough to account for the observations o 
Jacote £i d. 1936^, which led them to postulate such a perme 
abiliiVj and it seems therefore that indirect studies, such as those o 
rairiiity, on the erythrocyte may give illusory results when trans 
lated into terms of ionic permeability, and until more is knowr 
the equilibrium conditions pertaining to the erythrocyt< 
such results must be confirmed by direct chemical methods. 

Hvpotony is a condition which may be described as pre- 
haemolytic, and it is consequently of interest to see whether othei 
pre-haemolytic conditions were also accompanied by a per 
meability to cations. Orskov (1935) has shown that the ersThro- 
mes of several species become permeable to potassium or 
iiratment with the heaw metal lead, a substance which in highei 
concentrations causes haemolysis, and a systematic study of 2 
variety of haemolytic agents by Davson & Danielli 1938^ 
iMiicates that, with the exception of saponin, any change in tht 
environment which will cause haemolysis, if carried beyond s 
certain degree, will at the same time cause a leakage of potassiuir 
from the otherwise intact erythrocytes. These facts are demon- 
strated in Table XXX; it is interesting to note that the stronger 
the haemolytic agent used the smaller is the escape of potassium. 
Furthermore, the effect of a heavy metal like silver is a reversible 
one. In the same paper Davson & Danielli take up the problem 
of the high concentration of potassium in the erythrocyte and 
show that it is apparently not maintained by a metabolic process 
which is normally inhibited by such agents as cyanide, carbon 
monoxide or urethane, or accelerated by methylene blue or 
pyocyanine, and consequently it was considered that the high 
concentration gradient must be considered as a static phenomenon. 
m probable contrast to similar gradients in plant ceils. 

Amongst the metabolic poisons studied was fluoride, which gave 
results which agreed with those obtained by use of the oiher 
instances. However, these studies were made at 25" and 
VViibrandt (1937) showed that fluoride will cause a rapid escape 
of potassium from the erythrocyte at 38°, an escape which he was 
inclined to believe was due to the poisoning of a metabolic 
^toa^ which maintained the high potassium concentration 
fradient. Davson (1941) has been able to confirm this claim, 
to has brought out two especial features of the process which 
iwiiid strongly indicate that this simple view is incorrect. The 
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lABLE XXX. 1 HL fTii'i-r 

i U \ I I 1 .^ tXi-Kl.: 


LY^^INS ON THE K 
E L< AS A PERCENT A C E 


h4»*" Ijfrn Hiad^' ici iiaeniolysis so that any value iCS'. thar, 

Ml ot K\ liine I hour. Temperature 2o- C. The coii<rr.. 

... expressed as tractions of a saturated soIuiiEn; 

. %aturaif*d 'Sidmitj'n 


lA^n 

CoiReiitratioii j 

o 

o 

baenifjlysi> 

Cell K 
eonie:;: 

SapJliili 

1 m iU,WJ 

“ 


H-y in 

4*3 



in 

•1 

hm, 


o T, o f>. o '# iu itUcH* 

None 

i«Hj 


^ '} 

7’ii 

t*r 


:i X r» 

t 

»"> 


A a 

1 

Ini 


A' o and A’, Iti 

None 

h.«* 

\4 i4eate 

i *'0 in 

In-o 

93 .> 


I A in lOjOUU 

S 

93 


i jn 

5 

97 


1 T in iM,tKwr 

3 

97 


1 » * in 

.*» 



*♦ o iu 

1 

hMf 

Na 

H'l’. 1# 3, 0-4, ( 

None 

Iw 


4 iu 

lu 

9tr‘. 


! 9j in h*o<.? 

5 



1 M. »» F, M >, if 7 and 0*6 in IWO 

None 

h«/ 


MoTaAi 

cc. 5 

27-7 


< ^4>5<i A/ 

r<3. ~j 

41 


0'i*25 aiKl h'Ml M 

None 

h«j 

Rem.cc aid 

o-163Af 

None 

19 9 


o- I45.W 

None 

33 a 


M 131 Af 

None 

t>i*-** 


o ir^l and CH.i36Af 

None 

1R» 

i^iexhol 

M IStiA/ 

ca. 5 

&■! 


o-vJ^i A/ 

cu. 5 

51 A 

^-AinOH 

»>i?^Af 

None 

S7 



None 

97 


VT*7 .i/ 

None 

ItA* 

Guai^ol 

*.H*4 Al 

None 

84 


WZ Af 

None 

92 


<>v2Af 

None 



f>i?l Af 

None 

m 

Qums^^ 

#^1 M ipH 5\ 

None 

S5 



None 

m 



None 

m 


^lM(m 8) 

None 




None 

m 


10} 

3 

70 
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is concerned with the effect of concentration of fluoride ; 

35 shows that the effect may fall off considerably by increasing 
r r concentration above a certain value, so that in 0*165 d/ XaF 
he K escape is negligible; since glycolysis is inhibited at ail the 
.^nceotradons above the optimal one sho'wn in the curve, it is 



iiG. So. Effect of vary*mg the proportion of 0-165 Af NaCl and 0-165 Af XaF 
j& the escape of potassium, Kj expressed as a percentage loss per hour from 
m rablnt er\ throc>i;e at 39-5° C. (Davson, 1941). 

ckar that inhibition of glycolysis alone is not the complete story. 
Tl]^ ^ond fact refers to the effect of a preliminary washing of the 
cclk; in this case the fluoride effect is considerably delayed, sq 
whereas with unwashed cells a loss of 75 % of the potassium 
in 2 hours, with washed cells the loss is only 17 % in the 
period. Washing the cells is more likely to depress glycolysis 
ad diatfore increase the fluoride effect (if the latter is merely to 
aiiMt a secretory accumulation of K*^) than the reverse, so that 



k M t \hil II 


} hk\ 1 HRU(-.V I'Es TO 


t ?!i I**- 1 ht* IllOSt tr\ 

|il 4 rk 4 !io!i prr-.fjk f n numidv causes the arcunjiilaik.r. 

m 5 rr ia^'Utu4ii' pr-iducis which react with the innii* 

* .lUMfij ixifa^oain t>ernit*a!jility— a view which 
Wil'uijndi |>rT>unal coniirmnication . Ii is know’n ihai hiirh 
^ fear.irif^m ni fluoride tend to inhibit niany stages of dycalv4:j 
niubiti'Ui spreads to Uiv ieU and thus it is possible that, \\nh 
die hikdi concriuraiiom. e\'en the intermediate prf,>duci^ wh'^ 
uremiiulaiion causes the chani^e of permeability will not Ijr 
rie«,| '! fjr vtlnii of Washing the ceils can be explained a- ^ 
this j.'onfirined by the observatirui that 
adding -^‘rurn, uhra-lilirate of the same or an artificial Rinirer 
aornan.u-k Xa. K. Ca, Mg, phosphate, chloride. In» 
rurlf^^riate arifi cUaa.^se in the correct proportions, causes the 
sp’scafie of |.34iiassiyni to occur as rapidly as if the cells had not Wr; 
i^ashrd. The efTrcts of Ringer solutions in which one component 
B remo\rd are instructive and shown in Table XXXI : it is clear 
from the talde that all the c^.mp-r.ei.t^ are important, but that 
far the 


I XWI- 1 H>. I i. l ^'ARVIN'G THE NATURE OF 'IHi 

. -i % u } : :i m •■n the i -' i . \pe (..»f I'OTassium, P^. from r 

t T HR -4 ■ S 1 i, ^ IS I t f;OKi:..>E 


4 i 1 na . i -t vruin. Ringer siulutiMn and modified Ringer soluti^ms 
fis.ade u. |m rnf i.f a \aCl-NaF su'^pension medium. The celb were prcvisjU' , 
^asrieci \-^nh NaC.1 foluuon Units of P^ percentage loss per hctur. Ten. 


peraiure 3 ’*e5' 

Niisp 

NaiU-XaF 


emioii medium 

111 

serum 

33 

- Ringer 

’2U 

Ring er — glucose 

'2Z 

Ringer ~ phosphate 

2H 

Ringer — calcium 

13 

Ringer ~ magnesium 

IM 

— Rirtger — potassium 

2S 


Mere recent work of Dean {j>ersonai communicadon' with 
raiio-.^tive i»topcs stroofly suggests that in vwo the erythrocyte 
has a smaM permeabilitA’ to potamum, corresponding i^rhap to 
a 1 % per hmsr ; if this is the casc^ it is certainly necessary 

to inw^ a leorct^’ proc^ which cither accumulates pota^ui® 
m mm Smm rtceni results from De Gowii’i 

iah«atii»y {ponroal aMiunimkation from Dr Smith) on tJk 
^ diui^ stora^ of human blood al^ . 
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tliat this escape is not a pre-haemolytic escape in the sense of 
& Danielii, but is rather due to failure of glycolysis to 
uMumn the high potassium concentration in the cells. Whatever 
gav the true story regarding the maintainance of the high 
kvk of potassium in most species of eiy^throcyte, it is clear that the 
iffoWem of the extremely low permeability (impermeability if 
tkre is no metabolic process) of the membrane to potassium in 
a>mparison with the high permeability to negative ions is a real 
mt and must be sought in an analysis of membrane structure. 

The escape of potassium from erythrocytes treated with light 
m the presence of rose bengal, described by Davson & Ponder 
1140 b presents interesting features which are best discussed under 
the heading of haemolysis, but it may be mentioned here as 
aiMJther instance of a pre-haemolytic cation permeability. 

The behaviour of the er\^throcyte in non-electrolyte solutions 


ks both a practical and a theoretical interest; practical since 
many permeability studies are carried out in a virtually electro- 


hte free medium as, e.g., in the 
^‘haemolysis technique and it is ^ 
therefore interesting to see to what | 
extent a cell in such a medium ^ 
an be considered normal; and ^ 
theoretical since an erythrocyte ;| 
in a non-electrolyte medium will -2 
have considerable potential gradi- g 
cats across its membrane due to g 
unequal distributions *of ions p 
Chapter xv). Joel (1915) has 
iMmn that if the erythrocytes of 



the ox are washed repeatedly with 
sugar solution and then suspended 
m the same medium, the latter 


Fig. 36. The loss of K’^ from red cells 
when blood is diluted with 10 volumes 
of isotonic sugar solution at 25' C. 


an increase in electrical conductivity with time which is 


as he supposed, to the passage of salts from the cells. Jacobs & 
Parimrt (1933), on the basis of fragility studies, came to similar 
i^^t^ons and Maizels, by direct chemical methods, showed that 
erythrocytes definitely lose potassium when suspended in 
I nm-dcctrolyte medium. Davson (1939 a) has investigated the 
systematically, comparing the behaviour of seven different 
In Fig. 36 the loss of potassium with time is shown for the 



i : r : i i hrucvtes to 

r*it. cuiii^Ni-pii: .md man when iiit* l>|«>od k 
dihitni iiriie> v^Itiiiie oi’ hotonic sugar solinion: it 

t.j ’i..d n‘a* late *?! lalK oil wiui linit* in a niatiiif-f 

>ahah ijm.mt !■-»“ ,ai'»ain!ed l»^r t»ii the basis oi the kinetics of j 
Siinr 1- nefnacJMln\ pi^k'ess: it is roiicluded that the rniuraiion n; 
|j»aa^-uin iroin the trlh is .!■■ > 'enpa.ne'd by sufficiently large 
t lu cause p.»trnnai difterences opposing the Ririher escape, 

ihrreb) brinami^^ tf^e pernieabiliiy to an end. It was iourid tlut 
ihr chanires prtxiyrec! in the membrane by the non-eha. tn/.g- 
medium are (|aite reversible, so that addition of electroh tes i-, 





i c , 'IT \m the rate <.4‘ ia^s of K"' from human red cells with \ ariariu!. 

iH the sah toment of the suspension medium, at ihj" C. 

''Urr*c:.y:' m medium causes an immediate cessation of the 
priK'ress, Other points are that the rate of escape is 
h\ alkalinity and decreased by acidity see also Maizels. 
It-h^iTi and that the escape of potassium becomes detectable when 
the Will i:oricentration has licen reduced below about 0*09 d/. i.e. 
when it is tTeater than half the isotonic concentration. When the 
dilution the blcMxi with isotonic non-electrolyte is really great 
in ^rsicabiiiiy studies the dilution is often 1 : o(M}, i.e. the 
of salts is alK>ut 0*0(X>2if), the rate of escape of 
may he many times that found in the experiments of 
p w’hcrc a diliith>a of I : 10 w’as used giving a rate of almit 
in tife fi«t 1 hemrs (for human cells). The amount d 
a pr^tradi^ aM-dectitrf^tc which must enter the cells to caia 
I is kakii^ from the cells will be greater 
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than if retained its normal impermeability to cations; also 

'he experiments indicate a definite abnormality in the erythrocyte 
a hen in a non-electrolyte medium. 

In this description of cationic permeability in the erythrocyte 
ttf have dealt with what appear to be abnormal permeabilities, 
tk assumption being that in its normal environment the erythro- 
me studied was impermeable to potassium: hence this work 
might more aptly be described as studies of the conditions 
determining the normal impermeability of the erythrocyte 
membrane to cations. We have mentioned earlier that in iko 
experiments with certain species, notably the cat and dog, indicate 
a normal permeability to cations, either sodium or potassium or 
and it would be of great interest to enter into some of the 
characteristics of this form of permeability, e.g. the influence of 
calcium, pH, narcodcs, etc. The only systematic study of this form 
of permeability in the erythrocyte is that of Davson T939^, 
h), using the cat erythrocyte as the experimental object. 
The cat ervThrocyte contains mainly sodium (Table XX\d , so 
that if it is suspended in isotonic potassium chloride solution there 
will \ye a concentration difference of sodium in the direction 
rrils —suspension medium of magnitude about 0*16 mole per litre 
and a concentration difference of potassium of about the same 
magnitude in the reverse direction. Hence, if the cells are 
permeable to sodium and potassium, under these conditions the 
former will leave the cell and the latter will enter it. In Fig. 3S 
changes in the sodium and potassium concentrations of the cat 
ery throcyte with time of suspension in isotonic potassium-chloride 
Milution have been plotted. Since the concentration differences 
of ^ium and potassium are about equal, the slopes of the cur\-es 
indicate the relative permeabilities of the membrane to sodium 
and potassium, and it is to be noted that sodium diffuses through 
about fi\'e times faster than potassium; this result is unexpected 
since, if ionic radii determine the rate of penetration, the reverse 
should be true. Davson has investigated whether the permeabili- 
ties observed are artificial in that they are due to dilution of the 
plamia or to the presence of a high concentration of potassium. 
It was found that dilution of the plasma is not a factor of im- 
p^artance; however, the concentration ofpotassium is of importance 
is regard to sodium permeability, as Fig, 39 shows, where the 
late of penetration of sodium expressed as a percentage decrease 



0-140 0090 . 0*040 

JKC3 cc^ccsitraciofi, niolcs/ litre * 

Effect erf* variatM^ m iJjpe exteroal K"^ ooncentration on the rale rf 
fcakif^ of Na^ Oxm. the cat red cell. 
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jptf hour is plotted against the concentration of potassium in the 
jinj^nsion medium, the tonicity being maintained constant by 
replacing the isotonic potassium chloride with isotonic sodium 
cUoride. If the concentration of potassium is without influence^ 
the plot should be a straight line; in actuality it is seen that 
increasing the concentration of potassium, or more correctly the 
proportion of potassium to sodium, in the medium causes an 
increase in the rate of penetration greater than that demanded by 
the increased concentration difference of sodium. 

We have seen that hypotonicity may influence the normal 
imfKTmeability of the erythrocytes of some species i p. 146 ; is the 
permeability of the cat erythrocyte to potassium and sodium 
influenced also? Table XXXII shows that the membrane 

table XXXII. The effect of varying the tonicity of the 
MIDIUM on the rate of penetration of potassium, and the 

KATE of escape OF SODIUM, Pxa, EXPRESSED AS PERCENTAGE 
INCREASE OR DECREASE OF THE INITIAL CONTENT PER HOUR 
Da VS ON, 1940t2) 

l^Jirections have been made for changes in the concentration differences due 
to v ariations in the amounts of potassium and sodium in the suspension media 
and due to shrinkage or swelling of the cells 


ComfK3sition of suspension medium 

Pk 

Pxa 

ih2'2oM KCI 

. 

23-5 

O-i05A/ KCI 


24-5 

0-lS5i/ KCI 

120 

2<)-0 

0-175 A/ KCI 

122 

160 

<M65A/KCI 

128 

8' 5 

o-ioOAf KCI 

138 

3-0 

0- 140 AT KCI 

143 

0 

0-130 A/ KCI 

150 

0 

0-1 10 A/ KCI 

185 


0-165 A/ KCI -r 0-06 AT XaCl 


14 

0- 165 Af KCI -r 0-04 Af XaCl 

106 

16 

0- 1 65 A/ KCI -f 0-02 AT XaCl 

109 

16-5 

0-165 A/ KCI ^ 0-01 A/ XaCl 

115 

15-5 


responds in two different ways according as sodium or potassium 
francability is being studied, hypotonicity causing an acceleration 
of the latter and an inhibition of the former; hypcrtonicity, on 
tk: other hand, has the reverse effect in each case. This difference 
in response to an environmental change is striking and unexpected, 
ffid it is of interest to see whether any other changes in the 
oythrocyte’s environment will produce contrary effects. In 
Table XXXIII is shown the effect of various concentrations of 
die alkali earths on the rate of penetration of potajsaum and 
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MdiiiHi ih!<-uL‘h tip* nit'inbnuie oi cells suspended in isntonic 
Ki:l t- h tin* plk.ili ^*arths have been added. The labk hhnm 
that in ^ ^.n*;entrath»n’. oI'h-mI M and over, calcium ac:eierat€i tk 
f»f ip:nKnratit>n of |)<>ia.sshini: in lower concentrations it hai 
Tiu-.-rnevlum showed an irregular effect, sometimes 
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Pm M KCl 
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10 

I s>5 M KC:i - M Ba 

133 

19 

1 M KCI -- O'l 3/ Ba 

13S 

IS'5 

h^M KCI-tM.d3/ Ba 

157 

1(5 

Ka-«M*t^53/Ba 

167 

13-5 

Pm if KCI-?HXil3f Ba 

1S4 

11 


prodii€i.m^ a slight acceleration and sometimes the reverse — the 
chariges mere so small as to lie very nearly within the limits of 
error. Strontium and barium retarded potassium permeability 
at all the concentrations studied. It was found in more detailed 
ifivestigation that the action of calcium is dependent on the 
Na : K ratio €d the medium, a high ratio causes calcium to inhilnt 
fKFtasium pcniKability w^hilst a low ratio causes only acceleraticRi 
or has no influeiMX depending on the calcium concentratioa. 
Hence, in this case^ we may speak of an antagonism betwem 
Kidiuin on the one haiMi aiMi potassium and calcium on the 



PERMEABILITY OF ERYTHROCYTES TO IONS 157 

Thf gmerxil rule of Loeb, to the effect that !>ivalent salts are 
aritagonisiic to monovalent ones, is not sustained by these experi- 
menis, since calcium and potassium acting together produce an 

additive eiTect. 

I'urning now to the effect of the earths on sodium permeability 
we note, once again, a remarkable difference in response of the 
membrane to its changed ionic environment according to which 
cation is being studied. Thus whilst barium and strondum 
invariably decrease the permeability of the membrane to potassium 
the table shows that these ions invariably accelerate the rate of 
Ims of sodium; again, the action of magnesium on potassium 
permeability was negligibly small, whilst this earth causes a well- 
defined acceleration of sodium permeability; similarly, whilst 
calcium only accelerates potassium permeability at concentrations 
greater than 0*01 M and has no influence on it at lower con- 
centrations, the action of this earth on sodium permeability is 
acceleratory at all the concentrations studied above tj-uoU/. 
We have already seen that hypertonicity causes an acceleration 
of sodium permeability, so that it is clear that a part of the 
acceleration produced by the added alkali earths will be due to 
this cause, especially in the higher concentrations: however, 
further investigation of this point has shown that the tonicity 
changes are responsible for only a part of the observed effects of 
the alkali earths; the essential point to be noted, so far, is the 
obvious difference in response of the membrane to added alkali 
earths according as sodium or potassium permeability is being 
considered. 

The Effects of Age on Permeability . In the work described so far, 
the blood was generally drawn on the evening previous to its 
being used, so that it had stood for 12 hours or so in the ice-chest ; 
this was adopted as a routine procedure for convenience only. 
However, on occasions it was found that the rate of escape of 
sodiiim from the erythrocytes suspended in isotonic KCl solution 
was very much greater than that usually found (2(>-30 ' ,3 per 
hour against 8-10% per hour usually found). Eventually the 
\^abie was traced to the use of freshly drawn blood. In Fig. 40 
the losses of sodium from fresh and one-day-old blood are plotted 
gainst time of suspension in isotonic KCL The rates of escape of 
MKhum from the same blood when freshly drawn and on the first, 
and third days following withdrawal were as follows: 26, 
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IT'5. UC$. if 4 iiduirs j,?r the rates of peiifiratiofi 

*4’ !*»*.*. Im4, Im-I-. I’he figures represent 
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It i thai the igi.snees m the membrane cease by the ihini 

da' 'I n> etieit mi' nii jHTineability ol’ the cat eryihnxrvie h 
r.oni,’. a * » mt \\oiild iiaiurally expect the opposite relaiioiiship, 
ceil liiore **leakv” than the new one. It is to !)r 

tint d that tin* ol age <>11 permeability to potassium h 



f Na fr^^nj c at r«-d ctno in isotonic KCl: when re.si; 

^ after keeping m serum for 24 hours. 


Uith Kxiium perrrir-ab:!:: .. : hence once again we find a real 
disuricfion in the l>ehaviDur of the red cell in respect to sodium 

arid p;)ussiiim fKTiTirability. 

7 ki Effict ■'}; pH vn PeTtneabiUty. In Table XXXI\" is shown the 
etfn:! 0! \ ar\ inu the /?H of the suspension medium on the rate of 
ptme:ra!f.:>r: of potassium and the rate of loss of sodium from the 
erythrocyte: phc^phaie-KCl mixtures were used to produce the 
pH cliaiifts. It is wn that in this case the effect of pH is quaii- 
tatircly the same far both sodium and potassium permeability; 
quaniiiativriy tfee effixt of is much more marked in respm 
to Mxlnim p?;Tmeahi!iiy. Thi® tl^ increase in the rate of pene- 
traiion of sodiimi, on pasang from pH 6 to pH 7*9, is near^’ 
whereas f«” potatMium permeabiHty it is less than t\dbe. 
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TAB1.E XXXIV. The effect of the of the suspension- 
glDIlM OX THE PERMEABILITY OF CAT ERYTHROCYTES TO " 

HIM /*K AND SODIUM 'DaVSON, I04U«„. 


T-0 

305 26S 

25 26 


6-6 O'D 

22o 100 

10-5 5-5 


5*N 


2-0 


Tke Effect of Xarcotics. It is generally believed see Chapter .xvi 
that narcotics decrease permeability in low concentrations and in 
yghcr concentrations accelerate it, the latter phenomenon often 
being irreversible. 

The effect of 72 -butyl carbamate, a typical narcotic, on the 
permeability of the cat erythrocyte to sodium and potassium has 
been studied with cells suspended in isotonic potassium-chloride 
idution. Once again we are confronted with an astonishin-r 
difference m behaviour of the erythrocyte in respect to potassium 
and sodium permeability; in the former case onlv an acceleration 
d the rate at high concentrations is observed with no inhibition 
of the rate at all at the lowest concentrations. With regard to 
sodium permeability we find a well-marked retarding action of 
the narcotic amounting to a complete inhibition of sodium escape 
at concentrations above 0-3 % «-but>-l carbamate. This difference 
in behaviour of the cells with regard to their permeabilin- to 
sodium and potassium becomes still more striking when one notes 
that the same concentration of narcotic, which inhibits completelv 
the permeability of the membrane to sodium, accelerates the rate 
of i^netration of potassium under precisely the same conditions 
In Chapter xxi the effects of narcotics on sodium permeabilitv 
will be described in greater detail. 

The Effect of the Lyotropic Series of Anions on Permeability Phenomena 
The literature contains the results of a great deal of work on the 
mfluen^ of the lyotropic series of anions on physiological pheno- 
mena. The idea which motivated these studies was that cells 
including their membranes, constituted a colloidal system, and 
sm« the most characteristic feature of colloids was then believed 
to be the influence of hydration on their physical state, it was 
that if certain physiological phenomena showed influences 
normally affected the degree of hydration of 
^Mdal systems, then the systems determining the physiological 
were in themselves colloidal. Thus Hober (1909) has 
the influence of anions on the ciliary movement !n the 
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r|Ji!h^ ut M^^rn.a'h *siid bus ibiind that li tla.^ 

ill dp* M?drr their activities a lyotropic 
ijla.iiOt-d ^inaLaU. i^as lt»In has studied the efieci m: aniora 
I.L s.a-su!-. :..•■• a/'. Raber changes in the apparent 

»4 LayKin-ir:-:. (*eilh<>rii ih2«'» changes in the inuiilit; 
■•a ■■; ;/ .iud Lot'b & Catiell 1915,. the proportion c« 

luKdhiu- rnibr>«/s rei^ecerinc irom potassium poisoning,, to rianif 
ui^t 4 \rs^ of' die niany inv«^tivMtions of this nature. It iv on the 
h^%i^ i>f work ?>t‘this naiure that Hober _1022_ has developed the 
CloHoid-cheiiikal \’iew-poini” in regard to pliyd*',> 
loiriial phenomena: acrordinkj to this view-point, the inenibranf 
oi'lh^ ivll h a c-lh.iidiu sv^ieni and its permeability is determintk 
b\ its dr-ere:r ].\draiion; dehydrating substances, such as 
vdiurn supposed to exert a thickening or packinj;^ 

efi'i^ct on tl^e luicelles constituting the membrane and so decrease 
p^rinrahilit} : hvdraiing substances such as sodium thiocyanate 
K>sed, <i>ri the other hand, to loosen the membrane and 
'L\ increa.v‘ I.K.niiiealhliiy. 

A earrful in\t:*stigatior, of the claim that sulphate decrtvi^^es 
j>er!nr4b»Iit\ and that thitx*winate increases it reveals that this 
h\ r.o mr■an^ 4 rale: if we confine our attention only 

tile ’vo.^rk 4 uuied !a lh-d>tT 1922 we find that Raber Ito' 
rep^.,»rt» tire re\’erse relation^liip, as do also in one instance Lofb 
vt Cult tell 1915 . Again, the evidence put forward by Port 191 h 
(m the elTect of the series of anions on saponin haemolysis has nor 
1 ^rn confirmed by the more exact measurements of Ponder 1934 . 
and Hol^r 1 in his study of hypotonic haemolysis ignores iht 
^linnkin^ of the er\ihrcK:yte caused by the presence of a divalent 
htu »ach sulphate through ionic exchanges. In view of these 
corisideraiioriS it would appear that the factual basis for the 
coilwd-cheriiical \iew-point is not strong, and it appeared of 
interest to one of us to inv^tigate the influence of the series of 
ardcMis on a comparatively simple permeability system. 

llic cat er)"throcyie is a suitable subject for the study of the 
effect trf ti» lyotropic seri^ of anions on ionic permeability; thus 
'll cells are suspeiMi^ in iK^tonic solutions of KCNS, KO, KI, 
KBr, fmassiinu acetate, etc. and the rates at which pota^um 
enters aiMl iodiiim leaves the cells are measured, influences d 
the muom mm be tfctoisiiiied. However, Davson (1940^, c) hM 
fM^intcd cMit that a of aiaiom may exert influences on catk® 
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-^rmeability merely in virtue of the different diffusion potentials 
created ; thus the rate at which potassium will enter the cells will 

2/ / 

re measured by the factor RT y-fy ? where 4 refers to the mobility 

‘c “T" ta 

cf the cation through the membrane and that of the anionj and 
,f 4 is different for different anions it is clear that the observed 
rate of penetration of potassium when cells are suspended in 
>c4iitions of different potassium salts will vary in accordance with 
the mobility of the anion of the salt. Hence an influence of an 
anion on cation permeability is not necessarily to be attributed 
to an influence on the structure of the membrane, and it may be 
ibat this purely electrical effect was a factor in the many studies 
4 the influence of the lyotropic series on physiological activity^, 
since the activity of tissues and cells is bound up in some way not 
vet clearly understood with the migration of ions across a 
membrane. 

If the quantity of potassium penetrating in 1 hour is used as an 
indi 2 x to rate of penetration, the following series is obtained : 

CNS> I > NO3 > Br > Cl > acetate > oxalate > SO4 > citrato tartrate 
178 143 133 112 100 85 84 5U 45 29 

i.e. the series is that known as the lyotropic series. However, we 
have seen earlier that the anions penetrate in the same order as 
the lyotropic series, so that the effects observ^ed here may be due 
to the electrical effect discussed above. In Fig. 41 cuiv’es for the 
l^oetration of the potassium salts of a number of acids are given ; 
the curves for chloride, nitrate, bromide and acetate lie very^ 
close together and the differences in their rates are not veiy* 
comistent since they actually cross over; iodide, thiocyanate and 
cyanide show a very decided acceleration, however. Sulphate, 
tartrate and citrate show a very decided retarding effect as 
compared with chloride. Thus the influence of the lyotropic 
mits of anions is qualitatively what would be expected on the 
of the diffusion potentials set up; i.e. qualitatively it would 
that the anions have no effect on the membrane itself. 

As the permeability constant for potassium is of the order of 
I X 10* gm. mol per sq. micron per mol per litre concentra- 
difference, and yet the Qiq is only about 2, it is probable 
Aat penetration must be through a small fraction of the surface 
am 
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I h»* rfif-? I ^4 .itiion sf‘rii.< on >ociium 

flin-o Et U^*Ui io * iuxi on poiassium permeabilin : ii, 
I'i^. I*f tr'UV'>ttiUiU\f‘ tur\rs are >ho\vn and it is evident ilmi i}\t^ 
.vijon- -fi be* lAdr.itinir end series cause an almost compbe#^ 

ihhiOin.a: ^4 5 >f-r!ii»‘ability. llie eitects of sulphate, tartrate aiid 
Id al.v» apprutr h* lx* iiiliibiiory as compared with 
bai i!u-> is prohahly due to the delay in penetraiinif 
the ceil; thu-v it are 'ti-nettdrd tor ’2 hours in Xa^SOi, so that 



IL .4 petiriYSLium i*i eanom isoionic pcxassiurn salts into the rat 

red cell. 


a 10 41 'pl^fe exchanire of the chloride and bicarbonate in the cells 
h>r sulphate has l>een made, then it is found that sodium escapes 
frr^nj the ceils nearly twice as fast in KjSOi as from ceils added 
dirccth' to KCl. 

The tiill expLuK-nion of these etfecis awaits further experimental 
wwk: the extraordinarv inhibiting effect of iodide and thiocyanate 
is strotigly remijwent of the action of narcotics mentioned earlier: 
ilif« sutmtaaco roTopleteh" inhibit sodium picrmeabilityj leaving 
fMjtasiujii pcra^abiMty tincbanged or accelerated. This narcotic 
action is not refined to tho^ sut^tanccs, ethers, alcohols, 
iirrihan«, etc., wkkii Mr damfied as narcotic sut^ances, but 
m also shafrf with e.g. ^diurn oleate; hence it may be that 
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at an oil-water interface besides lipoid solubility is 
i actor in the inhibition of sodium permeability. The effect of 
ic saies of the monocarboxylic acids, acetic, propionic, etc. on 
^'ym permeability is instructive and is shown in Fig. 43; it will 
¥ seen that the rates decrease slowly with increasing length of 
hydrocarbon chain until we pass from valerianic to caproic 
when a complete inhibition of permeability is observed. 



Hours 


'i . Rate of leakage of Xa"^ ions Fig. 43. Leakage of sodium from cat red 

tk cat red cell into isotonic solu- cells in isotonic solutions of K~ salts or 

of various potassium salts. monocarboxylic acids. 

WTiatever may be the cause of the effects of the lyotropic series 
cf anions described by Davson it is quite clear that they are not 
^ply to be ascribed to hydration influences on the membrane 
and that it is idle to build up a theory of membrane structure 
largely on the observation of the influence of changes in the 
kaic environment of the medium on such complex physiological 
phenomena as ciliary movement, the activity of spermatozoa, 
potentials, etc. 

We have presented the results of studies on ionic permeability 
k the erythrocyte in some detail because, although many of the 
are not easily interpretable on the basis of membrane 
stf^^turc, they do represent quantitative studies, carried out by the 
reliable of techniques, namely chemical, in the field of ionic 
^^i^bility, a field which has been very little expiorol and, 
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%%-hexv. ii olirn by iar from satisfactory techniques. 
rxm'nmrnial \\urk on the er\Throcyte may be considered to fall 
lulu iwf} Jiuiin LY^'oups in which the problems of ionic impenneabilu} 
and 1 * Jiac ptrn:eab^lt^ are investigated. In the former class we have 
-t-t'ii that a larire variety of environmental influences-'-agf*. 
tcuacit). lipvud soluble substances, surface active substances, non- 
rlrriroh te media, phot lodynamic dyes, fluoride and temperature--^ 
arc ait effective under appropriate conditions in causing 
rrythnxrytc membrane, which is apparently normally ioi- 
prniirafjle to |>oia5‘Siuni or at any rate virtually so, to allow the 
esc ape^ of p.>tai^iurn. A number of these influences can definiielv 
be deviTibed a> pre-haemolyiic, i.e. they represent the irutial 
cluin^ei. iti the erythrocyte membrane which, if allowed to con- 
tinue far enoutjli, will lead to haemolysis. These changes have 
l>crn found in many instances, e.g. with heavy metals, and 
hv potoniciiy, to be reversible ones, so that the changes in th? 
membrane are not extreme but probably represent some dis- 
orientation of its constituent lipoid or protein molecules. The 
li|KHd ^olufdr narcotics, e.g. amyl alcohol, which have this pre- 
harmohiic eifert, may justly be expected to penetrate a surface 
film and disturb the orientation of its molecules; the same 
rna\ aKo be said for the soaps. The effect of a non-electrolvte 
medium vmH !>e discussed in Chapter xxi, but it may be staiec 
now that a change in the packing of a surface film may certainlv 
expected by replacing the normal electrolyte medium sur- 
rounding it with non-electrolyte. The action of photo-dynamii 
dyes, e g, Ijerigal, is undoubtedly a chemical one and it ii 
interesting tu note that it is also irrev^ersible and it must be 
aMuined that small holes are actually made in the membrane bv 
the oxidativ e pnx*ess. The action of fluoride may also be regarded 
as a pre-haeinolytic one, since it is observed that after 3-4 houn 
haeniohsis ap|K?ars and the permeability to sodium induced at 
the same lime is not adequate to account for the degree of 
haemolysis observ’ed; in this case the fluoride is pre-haemolytic 
as a result ol the modification of the normal glycolytic procases 
occurring in the cell whereby an intermediate product is aocu- 
ai^Mreatly in the cell or at its surface. Davson (194hf 
wm iMtliiKd to lacIiKie the effect of ageing as a pre-haemolytic 
change, but in the Eght ctf recent work by Smith (1941) it is 
pi»ible that the mbbII of Ic^ ol^rvable are due to'tibe 
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direct inhibition of an accumulatory process. Hypotonicitv 
represents a stretching of the membrane and may be treated as 
j special case of pre-haemoKsisj in this case the disturbance of the 
orientation of the membrane molecules is mechanical and possiblv 
the effect of centrifuging the cells may also come under this 
category. 

We ha\e noted* that very strong haemolviic agents such as 
saponin produce a negligible pre-haemolytic potassium escape- 
Dacson suggests that this may be e.xplained on the assumption 
that saponin does not attack the membrane until it is present in 
the bulk phase in a suitable concentration and that it then reacts 
rapidly in an autocatalysed manner to produce a large hole in 
a very- short time, so that, by- the methods of measurement used 
the escape of haemoglobin is synchronous with the potassium' 
Mcape. It has also been noted that saponin, unlike other surface- 
active or lipoid-soluble substances investigated, has no narcotic 
action, and this would accord well with the assumption that belou- 
a certain bulk concentration saponin is without influence on the 
membrane, i.e. it does not penetrate it. The results on potassium 
impermeability in the erythrocyte make, therefore, a fairly con- 
sistent story whose general theme is that the impermeability is 
dependent on a correct orientation of the membrane molecules- 
this orientation may e.xert its effects partly spatially and also bv 
ihe net electrical effects it produces. 

From the second half of the experiments described in this 
chapter, namely those devoted to ionic peTTnecbilitj in the cat 
erythrocyte, few positive deductions may be drawn as yet since 
the system, which is probably simple in comparison with other 
biological ones, proves nevertheless to be very- complicated in 
comparison wdth known physical ones. The comparison of sodium 
and potassium permeability suggests that the latter in the cat cell 
is more “nonnal” in the sense that the environmental influences, 
f-?- tonicity, alkali earths, age, and anions, have effects with 
a magnitude and direction more in conformity \s-ith other per- 
meability systems than do similar influences ” on sodium per- 
meability*. At the moment Davson (1940r) is inclined to draw a 
distinction of this sort between the two permeabilities and to class 
tie sodium permeability with the “abnormal” permeabilities to 
ghwrol which on other grounds have been shown to pertain in 
various species of erythrocytes. These two permeabilities, sodium 



in ih- .ind -ivc#^rol in the rabbit for example, do 

aam n raark.tf de MiniLiriiie^: e.u. an acldpH causes a sharp 
irf.irfiati-n P'nae.daiifv In ihe rabbit-glycerol system; with 
xht i-an-'dium -\^:r!n tlii^ mav amount to a complete inhibition. 

bif* r ’ n- -1 permeability is markedly reduced by 

o.ut'Cav Mn>n::h 'UrLtce-aciive substances like soaps, but 

jiMt b% :md similar results are found in the cat-sodium 

lurtlmr, 4‘opper markedly inhibits the rabbit-glycerol 
; d :!:r. aiicb US e shall see in Chapter xvi, copper and other 
y^tw :nt‘n:.b f;a\-e a. -iniilar inhibitory action on the cat-sodium 
.'.-letn, \i 'AC note tlie quite phenomenal effect of ageing in 
ihr i...a-s^Kinirn ^\stenn and also the fact that is about live 
tirrae^ P-*. sladl intline to the belief that the cat eiythrocyte 
nruhi-niHf' is specially differentiated to permit the passage of 
f diuin. and that this differentiated portion of the membrane has 
ome the characteristics of an enzyme* in its extreme sus- 
■epiibility to narcotic substances, heaxy metals, age and 
perhaps to changes in orientation due to tonicity changes it will 
VA^ recalled that the effect of hypotonicity is quite sharply defined 
in that a normal permeability may be observed in 0*165 d/KCl 
and complete inhildtion at 0*140 d/’ . If this distinction between 
|>frmeal)ility processes is justified, we have in the cat-sodium 
svstein a form of permeability which may be regarded as an 
zTiierTnediate stage Ixnween the simple permeability process and 
the f. t rnplirattd secretory^ process which enables ions or molecules 
to move against concentration gradients. The sodium permeability 
is apparcntlv not a secretory’ process, since sodium only diffuses 
to a state of lower chemical potential; nevertheless, the membrane 
u oiild appear to l3e specially differentiated to deal with it in the 
same way that we must conceive of a specialisation of a secreting 
cell to certain secreted substances, e.g. the membrane of the kidney 
tubule ceils in respect to chloride, phosphate, glucose, etc. Dean 
yide Da\’son, 1940r has suggested that the concentration of 
potassium in the eryuhrocytes of most species may occur by a 
pumping out of sodium instead of an accumulation of potassium; 
we have seen that the cat ceil does not accumulate potassium (or 
pump out ^ium) to any extent, so that the “abnormal” 
fx^rmeability to sodium may possibly be considered as a vestige 

* This su^cstim is di^issed elsewhere in more detail in relation to glycerd 

poirtratkm (CUsaptcr vm'-. 
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of whai %vas formerly a secretory process. Another phenomenon 
which has so far not been considered in relation to these results 
is that of anomalous osmosis (see Chapter xix^ , which Danielli 
1942 points out must be a complicating factor in all cases where 
all pores existing in the cell membrane are not of the same size. 
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CHAPTER XIII 


permeabilitt to ions of cells other 
THAN THE ERTTHROCTTE 

By H. Davson 

To describe adequately the phenomena of ionic permeabiliry in 
cells other than the erythrocyte is difficult for the follo^vin^^ 
reasons. First, consistent studies on any given cell or tissue by a 
single group of workers are rare, so that the information on a 
variety of cells is more or less of a casual nature. Secondly, 
chemical techniques have only been applied in extremely rare 
instances, so that the interpretation of results is too often equivocal. 
Thirdly, a large number of studies reputed to be permeability 
studies are in fact only remotely linked with the problem of 
permeability. Fourthly, the exchange of ions in most cells other 
than the erythrocyte is intimately associated with secretory 
processes, so that results uncomplicated by metabolic influences 
are rarely obtained. For these reasons the following discussion 
will appear fragmentary, and in many instances the choice of 
material to be presented will be more or less arbitrary. 

Plant Cells. Reference has already been made to the experiments 
of Overton on plant cells in regard to the permeability of these 
cells to non-electrolytes. The method used by this author was the 
production of plasmolysis by a hypertonic solution; if the plasiiio- 
iysis was permanent it was assumed that the cell was impermeable 
to the added non-electrolyte, whereas if de-plasmolysis occurred, 
permeability was presumed. 

Overton (1895) used this method to study the permeability of 
plant cells to salts also, and concluded that in general plant cells 
are impermeable to salts since the plasmolysis was permanent. 
This claim was disputed by Osterhout (1911), who drew attention 
to the fact that plasmolysed Spirog^ra cells will, under certain 
conditions, de-plasmolyse and then later plasmolyse again; this 
second plasmolysis, resulting presumably from damage to the 
cells, he characterised as pseudo-plasmolysis. The de-plasmolysis, 
which in the case of plasmolysis produced by pure XaCl solutions 
occurred within 10 to 30 min., was apparently due to the pene- 
tration of the soditim chloride. Fitting (1915, 1917, 1919) made 
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.1 cMHiiil Mild) of pla>:iir>lv.>i5 with Tradescantia cells by salt solu* 
.tiiti cofdirnied Osterhout's observation of de-plasmolysis: 
hr i»KiiicL liowrveT. that the rate of de-plasmolysis slowed down 
with nine, indicating, in his view, a decreasing permeability to 
halt-: however Bnx>ks 1910 has argued that Fitting's experi- 
were probal->Iy complicated by the exosmosis of salts from 
the de-plasmolysing cells. Fitting found that the rate of pene- 
tration of the salts presuming that the de-plasmolysis time is an 
index to this varied with the salt used and was in the order 
K > Na > Li so far as cations were concerned and in the order 
Br > NO3 > Cl > CIO3 > SO^ with regard to anions. The im- 
portance of the ionic milieu in respect to ionic permeability of 
plain cells was emphasised first by Osterhout (1911;, who showed 
that SpiT’^g^-ra cells will not plasmolyse in 0-37od/ XaCl nor yet 
in 0-1953/ CaCl^, whereas in a mixture of 100 ml. of the XaQ 
solution and lO ml. of the CaCl2 solution plasmolysis will occur: 
in the first two instances presumably the membrane w’as too 
permeable to salts, whereas in the mixture the permeability was 
sufiiciently low to allow’ of plasmolysis. Similar results on the 
importance of calcium have been put forward by Brooks 1916. 
1917 with Taraxacum and Laminaria leaves, by Fitting with 
Tradinoritia and by Kahho (1921} with lupin roots, and it would 
seem that pure solutions of soditzm chloride increase the per- 
meability to salts, this effect being antagonised by calcium 
chloride. Pure calcium chloride solutions, how^ever, produce only 
4 transient diminution in permeability. 

A very detailed study of the influence of the ionic make-up of 
the medium surrounding the cell has been made by Osterhout 
1922 a . using indirect methods. This author pressed disks, cut 
from the fronds of a sea-w’eed Laminaria^ betw^een tw’O conduGtiviw 
electrodes and measured the electrical resistance at low frequencies 
when the disks w’cre placed in sea w’ater or other aqueous solutions. 
Ihe ammption at the base of this w^ork is that a significant 
prc^>ortion of the current is carried by ions which have to traverse 
the cel! membraB^ as opposed to passing through the interstitial 
space. That this asumption is true has not been adequately 
and it ^ms to the present authors that the com- 
fmmthidy hm reliances found by Osterhout for intact cells 
would iMlicatc d^t a large proportion of the current is beir^ 
carrkd tiutwigh the interstitial space. If we assume that this 
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interstitial space corresponds to about 15’',, of the total cross- 
sectional area of a frond, it is clear that if the resistance of the 
intact cells is put equal to a hundred, the resistance of dead cells, 
i.c. cells which have become completely permeable to ions, will 
be about 15 '*0 value. Changes of this order between living 

and dead fronds have been found by Osterhoui, so that it seems 
quite possible that little current was carried througii im ceils 
when intact. The possibility that this might be the case has been 
discussed by Osterhout {1^22 ; thus he finds that, like Larrin-ri::. 

Xiielld shows a decrease in resistance with time on suspemsioi; in 
XaCl, whereas if calcium is added this does not occur. By direct 
chemical tests on similar cells it was found that the nitrate ion in 
a properly balanced solution does not penetrate rapidly enough 
to give a qualitative test for its presence in less than 48 hours; 
without calcium the test was obtained in 3 hours. If the mobility 
of ions through the membrane is such that it requires more than 
48 hours to bring about a concentration equilibrium, it is clear 
that its resistance must be many thousands of times greater than 
that of sea water, or than when it is dead ; yet changes of this 
order have never been found by Osterhout. 

The experiments of Osterhout, in spire of these objections, are 
\'eiy^ interesting in that they measure increases of permeability to 
ions; hence the process of death may be followed by electrical 
conductivity methods. It is found that in pure XaCl solution the 
resistance increases continuously with time: this increase is, within 
certain limits, reversible in that replacement of the XaCl solution 
with sea water brings it back to its original value. The increase in 
resistance may be inhibited by addition of calcium. Pure solutions 
of alkaline earths and lanthanum nitrate caused an initial rise in 
resistance followed, however, by a rapid and irreversible fall: the 
rise in resistance is hard to interpret but may be connected with 
changes in the volume of interstitial space. 

The same technique has been applied by Raber (1920 , who 
finds that the rate of increase of conductivin^ (“ permeability 
in pure solutions of sodium salts varies with the anion, being 
greatest in citrate, phosphate and tartrate solutions and least in 
the halides. A great objection to this technique apart from the 
criticisms already raised is, of course, that the investigator is quite 
ignorant of the ion or ions whose “permeability” changes are 
measured; thus if a rise in resistance occurs on placing Laminaria 
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ill pure lanihanurn nitrate solution as compared with sea water 
ihh may W due a change in mobility of the sodium, potassium, 
chl»*rid(% laiiihafuiin tir nitrate ions which will all be present in 
Miih .t ^vsteiu, the first three being inside the ceils, the others 

MiiLside. 

Manne Ai'^ae. T hese plant cells are ideal for the study of plant 
|>e!iia-ahilit\, since those of certain species are large enough for 
ihr sap to removed from an individual cell and analysed 
rheniica!!\ . lii T’afile XXXIV are shown the chloride, sodium, 
|Mi!aH'>‘iuni. rali iuiiL magnesium, sulphate, phosphate and nitrate 
t:o!itr%nth in t!it‘ saps of Valmia macrophjsa, Valonia rentrima, 
HJiiyAu OiUrhmtiu \iteiia clavata and Chara ceratophylla, and of 
ihr- Waters 1}V w hich they are normally bathed. The table is taken 
trum OsterhiiUt . The table shows that Chara, Valonia and 

MUlla all contain a very’ much higher concentration of potassium 
than that in their normal medium, and most of the experimental 
At udies of these plant cells have been concerned with the mechanism 
t>f the accumulation of this ion. The figures for the internal pYi 
of the inc luded in Table XXXV show that the reaction is 
comidrrafTy more acid than sea water and hence there is the 
ih.it the high concentration of potassium represents an 
eqmhijrium state similar to that described in muscle see 
1 hapter in ; Chterhout and his collaborators in a series of papers 
imnierous to !>e quoted individually’ here (for reviews see 
i>sterhout, i9S6 assume that in Valonia the high con- 

centration of potassium represents a ‘‘steady’ state’’ brought about 
hv the continuous formation of organic acid metabolites in the 
i dL so that the condition K, x OH, = Ko x OH^ {where the 
sutfixrs f and c- refer to the inside and outside of the cell re- 
spectively is s;itisfied; if the internal j&H fails due to the formation 
of excess of acids, then there will be a tendency for K,- to rise and 
K, to tall as a result, i.e. accumulation of potassium will occur. 
This piohlern is more connected with secretion than with ionic 
yet it is of interest to the student of the latter since 
Osterhoui insists that the mechanism of penetration of potassium 
is not the migration oi an ion in exchange for another from the 
inside, nor y et by the passage of two ions of opposite charge such 
as K aiKi Cl , blit rather it is brought about by the passage of 
the undiSMxiated pota^um hydroxide, or alternatively by the 
combination of pota^um with some acid membrane constituent 
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in the form of an undissociated complex. This view is appareriily 
not shared by many workers other than Osterhout and his colla- 
borators. Furthermore, as Osterhout has recognised, the electrical 
jK)tentials observed across the membranes of these large plant 
cells can best be accounted for on the basis of ionic diffusion rates. 
The arguments put forward by Osterhout have been reviewed 
exhaustively by this author (1933;, in a paper to which the 
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interested reader may be referred. The experimental evidence 
adduced in favour of the hypothesis is based mainly on the 
calculation of diffusion constants appropriate to the various 
possible mechanisms in terms of the ionic mobilities. Jacques 
& Osterhout (1934) have measured the rates of accumulation at 
two different and have argued that on the basis of ionic 
exchanges (i.e. an exchange of with H*) the ratio of the rates 
should be 1-09, whilst by the penetration of undissociated 
potassium hydroxide the ratio should be 5*5; the observed rate 
was found to be 3*5, a fact which they interpret as a partial 
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ccintiriikitisiia theun, although the observed ratio lies 

hrtwern the two calculated values. A more 
^rfioiis oh|rctk^!i to tlie simple treatment of accumulation in plant 
crib IS !hr exception atiorded by Miella, with which cell ii has 
hren louiid that the rate of penetration of potassium is independent 
1 ^! pH beiwe^tn /'M h and Jacques & Osierhout, 1035^, and 
lunher it has iK-en found that potassium will enter the cell even 
wiu-ii ihr pnxiiici K,OH, >K,OH,, see also Jacques, 1930 . 

An rxirenieh carei’ul and accurate study of the penetration of 
afM'nii: oili^ into Val^nia is reported by M. M. Brooks ;1925;, who 
u>ed i'hrinical lechtiique throughout; her results are in dis- 
acn^ecrnein < isterhoutb views on salt penetration in that the 

rate of prnetr.ition is more nearly proportional to the concen- 
tr.ition ot ionised arsenic than the concentration of undissociated 
salt, A minimum rate of penetration was found at neutral 
reaction. This author |>oints out that it is necessary to observe the 
planus for 1 m«>nth after experimentation to ensure that no 
damage has lK*en done by the procedures used, and not merely 
overnicht as Osterhout had done. 

C^iulitatiu? evidence regarding the penetration of lithium. 
r.p*siiim and strontium has also been brought forward by this 
aaih’.>r 1922 : the rates of penetration are apparently dependent 
on tfie prsjper balancing of the salt solution. So far as the relative 
rates ot penetration of some ions are concerned, Damon 1932 
ha*, calculated relative mobilities in the protoplasm for K”, CF 
and Xa . on the basis of purely electrical measurements, to be 
2o;J;o-2. Ullrich 1934, shows that when Valonia cells are 
placed in sea water, to which nitrate has been added, the latter 
jK‘iietratt.rs the cells and in 5 days attains equal concentrations 
iiNuie and outside: similar results are found with bromide and 
saliiAlaie. the former ion migrating more and the latter less 
rapidlv. Jacques 1937 has shown that iodine penetrates into 
I'siicrua, the kinetics corresponding to the migration as sodium 
icxiide, as opposed to any exchange of ions. 

Cooper €t d. 1929 , using a flotation method of studying ionic 
permeability, claim that the rates of penetration of potassium and 
scKlium into Vakmia are 3 x lO"® moles per hour per sq. cm. of 
surface and 0*51 x it is claimed that lithium, rubidium, 
bromine and iodine pnecrate whilst thiocyanate, salicylate and 
nitrile do not. It is to be noted that the rates of penetration of 
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sodium and potassium are not defined in terms of concentration 
gradients or in terms of a driving force, whatever this may !,)e, so 
that it is impossible to deduce mobilities from these figures. 

Hoagland & Davis (1923^ show that acidity of the medium 
surrounding Nitella increases the rate of penetration of nitrate, 
and these authors are of the opinion that exchanges of anions 
occur: they find that sulphate is absorbed more rapidly than 
chloride. Perhaps the most satisfactory, and also the most 
disturbing (so far as the results gO; study of accumulation of ions 
in plant cells is that of Brooks; this author 1932 , by means of 
direct chemical analyses, has shown that rubidium, when added 
to the solution bathing Valonia, penetrates into the sap. The rate 
of disappearance from the medium during the first 24 hours was 
67 X gm. moles per sq. cm. per hour, comparing with the 
values of 3 X for potassium and 0*55 x for sodium 
Cooper et al. 1929). The rate of appearance of rubidium in the 
sap, however, was virtually independent of the concentration of 
rubidium outside the cell when this was varied between 1*3 and 
5*3 millimoles per litre. Nevertheless, the amount removed from 
the solution depended on the amount initially present. This 
apparent contradiction was resolved by Brooks in a later paper 
1935' , when he showed that the protoplasm could not be viewed 
simply as a membrane, but that it was the initial seat of accumu- 
lation. It was found that 'protoplasm takes up rubidium at the 
rate of 1 x 10~® gm. moles per sq. cm. per hour, whilst under the 
same conditions it appears in the vacuole at about 9 x gm. 
moles per sq. cm. per hour during the first 2 days; at the end of 
this period the ratio of rubidium concentration in protoplasm to 
rubidium concentration in the outside medium - the accumulation 
ratiO; becomes 39; then rubidium passes more rapidly into the 
sap and also back into the external medium, so that the protoplasm 
accumulation ratio falls rapidly and the sap ratio may rise. 
Continuing his investigations. Brooks (1938), by the use of radio- 
active potassium, has shown that the accumulation of potassium 
follows essentially the same lines as that of rubidium, the proto- 
plasm being the initial seat of accumulation. A more complete 
investigation has appeared recently (Brooks, 1939, . The main 
bearing of these results on the problem of ionic permeability is 
a negative one, in that they show how inadvisable it is to formulate 
theories of the mechanism of ionic diffusion on the basis of studies 
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Jhirh a.r conti.a-d to t!..- ^ap aitd the surrounding medium: i.e. 
^tudit- -Ahi. h ! ju..re the roie o! the protoplasm. ^ 

studied the uptake oi ions l\ Cham 
, steliigera ^abbreviated To/.. The 

j I {;/Kb and hr is stimulated by light. The uptake 
■ ; .'.I..,,.'., ',,u'r,.duced in absence of oxygen, but^H changes 
!!; thr'na'd.utn l^ tvseen/H a and b-4 had nop- marked action, 
i xrh "! tons across the protoplasm, i.e. beuseen the vacuole 
.md tl'tuediuttt. svete of the order of 10«pes slmver than that 
„ ...s. tu etiii.t! thickness of water for e.g. -Na and K, Rb and K, 
Is’tK. sun-l- re^i^ta!u:e of the protoplasmic layer is due to the 
rei! nir-n-b’aia-s, the effective thickness of the layer restricting 
diffuMt.nV reduced from 10-^cm. the thickness of the proto- 
pUnuc ]a>er to cm., reducing the permeability to 

lir“-lo-’'^ of that of an equal thickness of water. 

I he accumulation of ions by plant roots presents problems of 
interest to the student of permeability. If, howecer, it is realised 
that the plant lites in a medium extremely poor in all ions, it 
will i)c clear that absorption must be associated in general with 
a iiietal>olic activity. In fact, the correlation between accumula- 
tiwi <A ions and carbon-dioxide production in land plants is more 
oU ious tlian in an\ other accumulation system, vide e.g. Lunde- 
gardh ■ Prevbt & Steward (1936), and investigators have 

properly concerned themselves mainly with the problem of this 
relation l>enveen metabolism and ionic penetration. Until some- 
thing more is known about the driving force which determines the 
migration of an ion in these systems, it is not very profitable to 
discuss tliis migration from a simple permeability point of new. 
1 he interested reader may be referred to reviews of Steward 
lit3T . Gregory 1931 and Hoagland 1940). 

I'east. A satisfactory study of the permeability of the yeast cell 
leased on chemical methods is that of Paine (1912) ; this author 


found no evidence of jjenetration of sodium chloride into yeast 
after 3 hours at room temperature; after 20 hours in the cold store 
a small amount of penetration had occurred. Similar findings 
were reported for ammonium sulphate and an isotonic (0-10 .If 
solution of NajHP 04 and sodium arsenate. If the concentration 
of XajHPOi was raised to 0-3 -kf a well-marked penetration was 
ol»crved; no experiments were carried out to see whether this 
effect was one of altered tonicity or of pH. 



OTHER THAN THE ERYTHROCYTE 


177 


Aquatic Animals, The classical work in this field is that of Loeb 
md his collaborators on the minnow, Fmdulus. Loeb & Wasteneys 

1^1} had shown that Fmdulus is rapidly killed by a pure 
pota^um-cliloride solution in the concentration in which it is 
^sent in sea water; how’ever, if sodium chloride is added to the 
potassium solution such that the ratio of sodium to potassium is 
17 or more to 1 , the animals live indefinitely. These authors 
explained the results of the addition of sodium chloride as being 
due to the prevention of the diffusion of potassium into the animal 
v^here it exerted its toxic action. Loeb & Catteil T915, continued 
this work, using the embryo of Fundulus, If the latter is transferred 
from sea water to pure potassium-chloride solutions the heart beat 
stops; on transferring it now to distilled water or to saccharose 
solution no recovery of the heart beat is obseiv'ed, whereas 
transference to a solution of an electrolyte such as XaCi causes 
recovery of the embryo from the toxic effects of the potassium, due, 
as these authors assume, to the diffusion out of the ion to its 
surrounding medium. The efficiency of the electrolyte in pro- 
moting recovery was found to vary with the anion in the following 
scries: 

citrate > SO 4 > tartrate > acetate > I > Br > Cl, XO 3 

(Table XXXVI), citrate being the most effective. The effect of 
cations w^as not so clear-cut; in general it was concluded that 
cations retard recovers^, NH 4 , Rb and Cs having a greater effect 
than Lr and Na*^, and Mg^~, Sr““ and Ba'^” having a greater 
effect than Recovery was also found to be facilitated by 

addition of acid to the medium, w’hereas alkali was without 
influence. 

The effect of addition of sodium salts on the poisoning by 
jK>tassium chloride, as opposed to the recovery^ gave a similar 
series of anions, shown below (Table XXXVII), sodium sulphate 
being more effective in preventing poisoning than sodium tartrate, 
which is more efficient than acetate, etc. If the effect of the added 
sodium salt is to prevent the penetration of potassium, then it 
follows that the anions behave differently according as the 
penetration of potassium into or out of the embryo is being 
studied. A further interesting point discovered by these workers 
was that a preliminary treatment of the embryos in disdiled water 
made them temporarily immime to the toxic action of potassium 



17,^ FLEMLABil-iXY TO lOXS OF CELLS 

chloride. Ihis puiu was iurther investigated by Loeb 

who aided that the ditFusion of potassium into, and out o£ 

thr rnJayo dr|.rnded on a certain ‘'salt effect if the embryo wai 
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washed with distilled water, then potassium would only be able 
to |x;netrate after it had exerted its own salt effect, i.e. its pene- 
tration wcMild be delayed. 

Loeb ; 1916 a, r) showed too that the inhibition of the poisoning 
action of pure fK>tassiiiin-chloride solutions by a sodium salt was 
dependent on a definite prt^rtion of sodium to potassium; if 
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this ratio was decreased below a certain limit it was found that 
ihe sodium salt actually accelerated the poisoning. Loeb con- 
sidered that this fact accorded with the general notion of a 
preliminary “salt-effect'’ on the membrane by means of which 
diffusion of potassium is facilitated. 

In a further paper (Loeb, 1916^^ the effect of the cations in 
facilitating the recovery of poisoned embryos was reinvestigated 
with more definite results. It was concluded from this work that 
Li", Na"^, and Ca'^'** all favour recovery, whereas there was 

practically no recover)’ if the embryos were transferred from their 
potassium-chloride solution to rubidium and caesium solutions; 
barium and strontium were also found to be very much less 
effective than lithium and sodium. 

Loeb & Cattell interpret the results on the behaviour of 
Fundulus embryos on the assumption that the diffusion of pouissium 
presupposes its combination with a colloidal anion of the mem- 
brane; it is further assumed that anions will inhibit this com- 
bination, especially divalent and tri valent ones. 

However, it must be pointed out that no chemical deter- 
minations of potassium were made in any of these experiments, 
the sole criterion of penetration of this ion being the poisoning 
or recovery of the embrv’onic heart. Thus, the ofiseiY’ation that 
rubidium and caesium salts do not facilitate recover)’ whereas 
lithium and sodium salts do, which Loeb interpreted as being due 
to the fact that the former salts inhibit the escape of potassium, 
might just as easily be explained by assuming that rubidium and 
caesium are themselves toxic to the heart. The complete explana- 
tion of Loeb’s striking results must obviously await further 
investigation of a more exact nature based on the chemical 
determination of potassium ; thus it is of primary importance to 
determine whether the Fundulus embryo is specifically cation 
permeable and impermeable to anions. Definite evidence on this 
point is lacking, in fact the simple osmotic equilibria between the 
Fundulus egg and its environment are not at all clear. Loeb & 
Wasteneys (1915) have shown that the osmotic pressure in the 
egg is much lower than that in the sea water depression of 
freezing point about 0-76° G. compared with about TS' C. for 
sea water). Since the egg may be transferred to distilled water 
without sw’elling, it is likely that the membrane is impermeable 
to water, and also an impermeability to salts as such is indicated 
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by thx Jhiliiy os the embryii to develop in distilled water. Loeb's 
\(,urk indicates a permeability to potassium, and this is made more 
probable by the work ol Ikecia l!t3T a, b_ on a closely related egg, 
th.ii oi" (JnV‘i- latipe-, who demonstrated by direct chemical 
na-tiiids that potassium passesinto the eggs against a concentration 
wrr.tdient: the figures presented by Ikeda have been criticised by 
Krogh ll«3!t and re-calculated, but the essential fact of this 
arcumuiatiori reniains. 

If thr cell is periiieable to cations and impermeable to anions, 
it IS « leaf that potassium would not be able to diffuse in appreciable 
f|uantiurs out o! the em]>ryo when the latter is placed in distilled 
water non-elrciroly te solutions, just as Loeb obser\’ed. Similarly, 
the adduif*n of acid to the distilled water or non-electrolyte 
solution, by providing the necessary' hydrogen ions for the 
exc hats ire of potassium across the membrane, would facilitate 
recovery also, just as Loeb observes. The effect of preliminary 
repeated washing of the embrv'os with water, whereby the 
poison: n .: with KCl solution is retarded, could also be explained 
on the t^ads that potassium is gradually washed out of the cell by 
exchangers with hydrogen ions from the water so that subsequent 
piaciiii^r of tlte cells in KCI solution does not cause nearly so toxic 
an eifect as normally, simply because the amount of potassium 
which must diffuse into the cell to reach a toxic concentration h 
greater as a result of the preliminary' leaking out of potassium. 
Thus some of the interesting results of Loeb could be explained 
on this simple basis without invoking combination of the potassium 
with colloidal molecules: the effect of polywalent anions in ac- 
celerating the escape and retarding the entry^ of potassium must 
Iw at least in pan an influence on the membrane, and it is 
iiitercfsting to note that poly%’alent anions accelerate the escape 
of sodium from the inside of the cat erythrocyte w'hilst they 
inhibit the penetration of potassium from the outside to the inside 
■ Chapter xii . 

A more recent investigation of the poisoning of Fundulus 
embrym is that of Bridges & Sumw'alt (1934), without, however, 
any improvement of the technique of Loeb; these authors find 
that the rate poisoning is decreased by increasing the acidity 
of the medium from jpH 7*2 to pH 3*8; this is in contrast with the 
experiments on rewvery in which acidity increased the latto*. 
A rather disturbing paper on the same subject by Heilbrunn k 
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Daugherty : 1934^,. claims that the effects of acidity have nothing 
^%’liaiever to do with permeability, but are rather to be associated 
with the changes in viscosity which are produced within the enil^iA’o 
by the altered reaction. Whatever may be the triuh of the matter, 
it is clear that chemical studies must be the deciding factor. 

Sumwalt 1933 /5 on the basis of measurements of the potential 
difference across the Fundulus chorion, by insertion of a calomel 
electrode into the egg, claims that at norma! reactions the 
membrane is more permeable to positive ions than to neyraiive. 
At 3-4 equal rates of diffusion of potassium and chloride ions 
are claimed; however, it is difficult to believe that the cell is not 
damaged by such a large pH. change. 

While we are discussing the permeability of marine eggs, it 
should be noted that the most studied example in regard to 
permeability to water and non-electrolytes, namely Arbacia, has 
been comparatively neglected so far as ionic permeability is 
concerned; this egg is apparently normally impermeable in 
since the kinetics of swelling in diluted sea water indicate no 
significant loss of osmotic material. In non-electrolyte solutions, 
however, Moore (1932) has demonstrated a continuous leakage 
of salts from the Arbacia egg. Whether this escape is sufficient to 
prejudice the osmotic studies of Lucke and his co-workers cannot 
be discovered, since Moore produces no experimental fiemres on 
this point; the matter certainly warrants further inves:iiai:*.»n. 
since the work of Lucke on antagonism in regard to water 
permeability was carried out in virtually electrolyte-free solutions. 
Chemical evidence (Page, 1927) indicates that the potassium 
concentration is considerably higher in the egg than in the 
surrounding sea water. Jacobs & Stewart (1936,, from studies of 
the penetration of ammonium salts into the Arbacia egg, incline 
to the view that the egg membrane is impermeable to anions, or 
at any rate very much less permeable than with the erythrocyte 
membrane; Shapiro & Davson (1941) suspended Arbacia eggs in 
sea water and found a definite leakage of potassium out of the 
cell; they also showed that increasing the potassium content of 
the sea water caused a slow entry of potassium into the eggs. The 
main difficulty in the way of studies of ionic permeability in 
marine eggs is the limited season during which they are avail- 
able; chemical methods are laborious and involve the use of large 
quantities of eggs. 
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Krc»iih ft aL iKive studied the permeability of the egg 

of tlir I'rlero.t^ Pleur nectes jksm and Crenilabrus exoletus to salts and 
\s.i\vt\ While in the fjviduct these eggs are in osmotic equilibrium 
u itfi file mrrouiidinu fluid and hcncc with the blood of the fish. 
Oil shedcliirg inu.) sea water it was found that both penetration 
of c'hloride into and loss of water from the eggs occurred. This is 
apparent from Table XXXVIIL in which the chloride content 
bto eggs and the chloride content per 100 mg. of eggs arc 
shown in freshly shed eggs and in eggs which have been placed 
in 15 , do and 34 ^ , sea water. If the exchanges had been confined 
to water shifts from the more dilute to the more concentrated 
sidutiuiis, i.e. from the egg to the sea %vater, then the chloride 
pT eijgs should have been unchanged; since this was not the 
case, one concludes that chloride penetrated the eggs. 


TABLE XXXVIIL Xrogh, Krogh & Wernstedt, 193S 



10* > eggs 

100 mg. 

Sea water 
yCl per 

1 W mg. 


mg. CI~ ,"/) 
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In 0 uater 
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25*' 

AiVr c, hr. 

19*0 
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139 
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.yVr H hr. 

htco :I5-S 

144 

370 


In 34 sea water 

60*3 17-9 

166 

29*7 

5S*5 

After hr. 



m.7 


ITe eggs of fresh-water organisms 

such as 

the trout 

or salmon 


have l>een studied fairly extensively owing to the special nature 
of the problems connected with the maintenance of the integrity 
of an em cell when it is laid in fresh w’ater. The interested reader 
must l>e referred to the original publications, among others those 
ofGray 1932 , Runnstrom (1920), Svetlow (1929), Maneiy 

k Irving 1935 and Krc^h & Ussing (1937), for the many 
interesting details associated with these eggs. It is sufficient for 
our ptiip<B« to note that the egg in the female is in osmotic 
rquililMrium with the latter’s blood. On being shed into fresh 
water the e^ swells initially, due to osmosis of water — no salts 
are lest, how^ct'er; during the stvelling process, which occupies 
less than 1 hour, the chorionic membrane becomes tough and a 
new membrane, called by Gray the vitelline membrane, forms at 
the surface of the egg proper; as a result of the swelling a spat^ 
l^twcen this membrane and the chorion, filled with 
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fluid, appears (the periviteiline space , and this fluid takes up 
fhe composition of the surrounding medium. After 1 hour no more 
iweliing occurs and it is generally agreed that this is due to an 
absolute impermeability of the vitelline rnemijrane to water. 

The worm Gunda ulvae presents some interestinL^ features from 
the point of view of the modification of the membrane's per- 
meability to water and salts by changes, occurring naturally, in 
its ionic environment. This worm lives in estuaries and as a result 
of tidal action the medium surrounding it varies iTom sea ater 



Fig. 44. Changes in the volume of Gunda ukae after 75 min. in 
solutions: 'a, experimental curve, {b} theoretical curve for an organic::, b-. 
b>' an ideal semi-permeable membrane. 

to completely fresh water. Pantin (1931) and Weil & Par. tin 
T931) have made an interesting study in an effort to show in 
what w^ay the worm is able to adapt itself to these large changes: 
in Fig. 44 is shown the change in the volume of Gunda when it is 
placed in diluted sea w^ater; it is evident that the worm swells ats 
a result of osmotic intake of water, yet the swelling is not large 
enough if one assumes that the membrane separating Gunda from 
its surroundings is impermeable to salts; hence an escape of the 
latter is presumed, which was confirmed by conductivit}' measure- 
ments. In tap water it was found that the worm dies; yet addition 
of a little calcium to this water enables it to survive. It seems from 
Pantin’s work that the presence of calcium not only decreases 
the permeability of Gunda to water, but also to salts. Nevertheless, 
it is found that, as a result of diffusion of water into the worm and 
of salts out, the concentration of salts in the worm is reduced to 
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alKiiit of the original. When this dilution is reached no 

t'urther \f^!ii.nie chani^es t>ccur. indicating an acti\c excretion of 
almirbed water as it penetrates 'Beadle, 1931,. 

leavin'^ the su!)ject cf the permeability of aquatic animak 
iv, xtbh II would be of interest to discuss two examples of ihe 
adapitition oi tUi adult or^saiiisni, with a thick integument, to its 
ioiiic fuivironmcni : it might he expected that the skin ol a fish, 
tor example the gold-fish, w’ould be impermeable to salts, all ionic 
exchanges with the fish and its environment being expected to 
cM'cur across the gill membrane. However, this is by no means 
the case, and it is found with the gold-fish that it can be readily 
deph'trd of salts Ijy the simple expedient of continual washing 
with running water. Hence we must conclude that the adult fish 
has a mechanism of absorbing salts from its environment, and in 
the case of the fresh-water species, this absorption must be against 
a concentration gradient. Krogh .1938) has shown that with the 
gold-fish Carassius auratus, chloride can be absorbed by the gilk 
from sodium, poia^ium, ammonium and calcium chlorides, and 
from mixtures of these salts with nitrates and iodides. Bromide 
is also activeh absorbed, whereas, although iodide penetrates 
slowh !)>’ diffusion, it is not actively absorbed; nitrate and 
thioevanate are neither actively absorbed nor do they penetrate 
by simple diffusion. There is apparently, also, an independent 
mechanism for alBorbing cations in respect to sodium; how'ever. 
potassium is not actively absorbed. The skin of the amphibian, 
the frog, has l:^n the object of numerous investigations both in 
respect to ionic and water permeability; in particular, Wertheimer 
19:23-1925 has studied the so-called irreciprocal permeability to 
dissolved substance. By this is meant the more rapid migration 
of a given sutetance in one direction than in the opposite. 
However, as Krogh (1939; very aptly points out, “much of the 
work has gi\'en conflicting results and the interpretation is 
exceedingly difficult, because the power of the skin to absorb ions 
w^as unknown and often brought about experimental conditions 
w’hich ccmld not be reproduced”. If w^e confine ourselves to the 
strictly controEcd experiments of Krogh (1937) we note that the 
frog skin behaves in an essentially similar manner to that of the 
gold-fish in that salts may be washed out of the animal by simply 
spraying the skin with distilled -water; the skin of this animal, like 
the gills of the gcEd-fish, is capable of the active absorption of ions 
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in approximately the same manner as the latter, the permeability" 
CD ions, however, being on the average higher; once again it was 
noticed that potassium was not absorbed and also no penetration 
bv diffusion was observed. We have already seen in the chapter 
on ionic permeability in the erythrocyte that the classical notions 
regarding potassium and sodium permeability the latter being 
considered to be less than the former owing to the greater ionic 
diameter) must be revised, and it is interesting that Krogh's 
work on gill membranes and frog skin would also demand a 
reconsideration of these views. 

Muscle and Nerve. We have already discussed in some detail the 
qualitative aspects of the permeability of the muscle fibres to 
certain ions with special reference to the problem of the normal 
ionic and osmotic equilibria pertaining between the muscle ceils 
and the interstitial fluid (p. 35). The general picture presented 
was that of a cell impermeable to sodium and anions and permeable 
to potassium. These ionic relationships are of exceptional im- 
portance, since it seems that they are the basis of the resting 
potential observed by placing electrodes on a damaged part of 
the tissue and on an intact part, the view being that as a result 
of the tendency of potassium to diffuse out of the muscle cell the 
latter is negative in respect to its surrounding medium. If this 
is the correct picture, it is clear that a study of this potential under 
a variety of conditions, or alternatively a study of the potential 
obtained by placing one electrode on a normal piece of muscle 
and the other on a part which has been treated with some 
special solution to alter the normal permeability relationships 
at that point (the so-called salt effect), will provide information 
respecting the permeability of the muscle fibres to various ions. 
The interested reader is referred to the monograph by Hd!>er 
(19^22) for an elaborate description of the results of this sort of 
measurement. 

A general impermeability of the muscle membrane to certain 
salts was first indicated by the work of Overton (1904 , , who found 
that there was no increase in weight of isolated muscles when 
soaked in 0*7 sodium chloride; by reduction of the concen- 
tration to 0*6% the muscle swelled, whilst increase to 0-9 
caused a shrinking. Isotonic solutions of potassium salts could be 
divided into two classes: one, consisting of the chloride, bromide, 
nitrate and iodide, caused an irreversible swelling, whereas the 
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cmAsAlm -i sHf sulphate, phosphate, _ tartrate, ethyl- 
!(■ .itai .actate. allowed the muscle to maintain its normal 
^^ri>■h't kuhkiiian s-ilts behaved in the same manner. Isotonic 
. dihioi rhioiide caused an irreversible shrinking, but a mixture 
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hlorides cnalded the muscle to maintain 

.1 ^ 1 Ml 

i'lie ‘f of Overton's results was, and still is^ 

ditlK uh • ill eMierah however, they go to prove that the normal 
mTineatalitv relationships of the muscle cell are dependent on a 
sui!..l.ie innir milieu, just as with plant cells; the swelling in pure 
so! uiions - «l some of the :}otas^iam sali.s would indicate a breakdown 
<>! tie- normal itnjjermeability to salts, either by making certain 
anions yiermealde or allowing the migration of sodium and anions, 
so that the colloid osmotic pressure of the cell contents came into 
plat bringing alxiut the penetration ol water into the cells. 

u’rano ' lines and Fahr lOoS; by direct chemical methods 
t,ere able to show that only 6% of the total muscle potassium 
was washed out with sugar solutions, whereas 90% of the sodium 
was removed. These authors were of the opinion that die sodium 
was mainly present in the tissue fluid and was therefore washed out 
with ease; thev assumed that the muscle fibres were impermeable 


to potassium. 

Stanton 19^3 perfused frog muscles with potassium-free 
Ringer solution and found that potassium leaked out of the 
perfiised muscle; thus about 3'’o of the total potassium was lost 
in 30 min., about S'b in 4 hours and about 17 in 16 hours. 
This author found no significant change in the amount which 
diffused out in a given time on changing the reaction of the 
perfusion fluid from jftH 6 to pH 8, yet an increased rate at the 
more acid reaction might be expected since the increased con- 
centration oi hydrogen ions would facilitate ionic exchanges. 
However, Fenn & Cobb (1934, 1935) have shown that the 
equilibrium concentration of potassium in isolated muscles varies 
with the />H of the medium; if the muscle is in Ringer solution, 
increasing the COj tension increases the amount of potassium in 
the outside fluid, owing to the fact that the Ringer solution has less 
buffering power than muscle and its pH shifts more to the add 
side than does the muscle pH; if the muscle is placed in serum 
the reverse process occurs, since in this case the buffering power 
of the serum is the greater. 
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Mond & Amson (1928), by a perfusion technique, have shown 
that the muscle fibres are impermeable to calcium, lithium and 
ladium but permeable to potassium and caesium. These authors 
showed the necessity for maintaining a definite concentration of 
potassium in the perfusion fluid, above which potassium entered 
the muscle cells and below" which it leaked out : the concentration 
was found to be about 13 mg. %, a point which has been amply 
confirmed by the determinations of Fenn & Cobb 1934 . The 
permeability of muscle cells to rubidium and caesium besides 
potassium is made probable by the work of Mitchell et al. 1921 , 
in which rats were fed these elements. It was found on post- 
mortem examination that about 50% of the potassium in the 
muscle had been replaced by either rubidium or caesium. By 
l^rfusion of frog’s muscle, however, they w^ere only able to 
demonstrate penetration of rubidium and caesium if the muscles 
were stimulated. All the work quoted so far indicates, then, that 
the muscle is permeable to potassium; quite recently, however, 
Hahn et al. (1939) have published some results of experiments 
with radio-active potassium which would apparently indicate that 
the large proportion of potassium in the muscle cells is unable to 
diffuse out. These authors injected radio-activ'e potassium 
into rabbits and frogs and found that the amount of this element 
in the muscle was about tw^enty times less than if a free exchange 
between the normal potassium and its radio-active iostope had 
occurred; rather similar results were reported independenily by 
Joseph et al. (1939) on rat muscle. 

If the muscle cell is assumed to be permeable to potassium, then 
we must assume that it is impermeable to sodium, unless there 
is some active secretory mechanism involved, since the normal 
muscle cell contains almost exclusively potassium whilst the 
interstitial fluid in contact with the cell contains almost exclusively 
sodium. How"ever, Heppel (1939) has maintained rats on a 
reduced potassium diet and has found that by this means the 
muscles may be depleted of their potassium to the extent of about 
50 this depletion is made good by sodium, a fact which indi- 
cates that the muscle cell can, under certain conditions at least, 
allow the penetration of this ion. By injection of radio-active 
sodium into these rats it was found that the isotope is equally 
distributed between plasma and muscle within 60 min, ; Manery 
k Bale (1939), using normal rats, have also demonstrated a rapid 
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..s radio-niv.. s.xiiuni with the small quautiiies of 
' iium L-Tssialh pi'-x-ni in muscie cells. . 

1 1 ... ! ori'i i! impernie.diiiity os the muscle cell to amons, whicli 
.jn.rv..' invoked to expl.dsi die absence of appreciable quantities 
' .■ ■ in the muscle cell and also the tailure ot soaium to 

-no 'h.- cell and of potassium to diffuse out,* is supported 
i ‘-C- .‘.'‘.'.ervati^.n that thiocyanate is not taken up by a perfused 
r..’, ode when this ion is added to the pertuston fluid Mond & 
bv the observations of Conway & Kane 1934 . 
ui-o i ,'und that phosphate and sulphate were not distributed 
" .u'diou! .ill the water in the muscle, and the experiments of 
\I r I '.qj.,, ,., lti33 . which confirmed the behaviour of muscle 
nnv.Irdrplios;ihate. I'he failure of iodide to partition itself with 
more tiuiti 3o <)!' the muscle water observed by Ghaffar 1935 
would indicate an impermeability to this ion also. It seems to be 
-ener dlv atxreed that lactate diffuses throughout all the water 
^n muscle, but this is probably due to the penetration of the 
membrane as the undissociated acid. 

The effects of the actic iiv of the muscle on its lomc permeability 
h is- lR-en exiensivelv studied. Mitchell & Wilson (1921) found 
d'rre.ise in the rate of loss of potassium from muscle perfused 
with iwtassiurn-ifee Ringer solution when it was stimulated: 
Ernst & Scheffer 192S showed that stimulation of a perfused 
muscle caused a 3i)-3it'^ loss of potassium, and Ernst & Czucs 
1929 ^ showed that this loss of potassium is accompanied by a gain 
in «jdium and chloride and a loss of phosphate; they further 
showed that no such changes could be observed if the muscle were 
stimulated indirectly, an observation confirmed by Mond & 
Neiter 193" • Ernst & Pricker (1934) found that indirect 
stimulation would cause a loss of potassium provided that the 
potassium in the perfusion fluid was raised to four times its nomial 
value. Penn & Cobb 1936) were also able to demonstote in 
intact muscles that losses of potassium could only be obtained on 
direct stimulation. However, Penn (1937) showed that if the 
indirect stimulation was carri^ out at such a frequency as alwap 
to elicit a contraction of the muscle with each stimulus, then in 
1-5 hours about 6“o of the muscle potassium would be lost; it 
seems that failure of earlier w'orkers to obtain the loss of potasstuin 
with indirect stimulation was due to fatigue setting in at the neuro- 
• See, however, p. 38, note added in proof. 
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uiuscular junction, which soon prevents contraction of the 
muscle. 

The changes in the ionic content of muscles, stimulated for some 
lime, have been most accurately followed by Fenn ei al. 1038 , 
and the water, potassium, sodium and chloride changes are shown 
in Table XXXIX taken from these authors’ paper. The taljle 
shows that potassium is lost, whilst water, sodium and chloride are 
gained. In general, the greater the loss of potassium the greater 
the gain of sodium; nevertheless, the gain of the latter ion was 
always greater than the loss of potassium. The authors conclude 
that sodium penetrates in exchange for potassium; the increase 
in chloride is accounted for on the basis of the increase in the 
intercellular space and is equivalent to the excess of sodium over 
that exchanged with potassium (see also Maiorney & Xetter, 
1936 j. Fenn et al. conclude that no significant change in calcium 
and magnesium occurs as a result of stimulation but that a slight 
loss of total phosphate occurs. All these changes are reversed 
after a recovery period of a few hours. 

T.\BLE XXXIX. Electrolyte changes during stimulation 
IN CATS (\V. O. Fenn et al . 193iS 


Water Potassium Sodium Chloride 


Exp. 


, 





■ 



- . - — 

No. 

iest 

Slim. 

Rest 

Slim. 

Rest 

Slim. 

Rest Stini 


c.c. 

c.c. 

mM. 

mM. 

mM. 

niM. 

mM. :r:M. 

1 

291 

384 

37*8 

34-3 

lO-S 

ls-5 

7-5 

o 

291 

345 

41-5 

34-7 

S-1 

16-2 

:>-2 9.3 

3 

297 

387 

41-9 

38-6 

S-6 

17-3 

5-7 9, "9 

4 

297 

382 

44-0 

42-2 

7-1 

14-7 

4-7 IIM 

5 

288 

338 

41-5 

34-6 

9-2 

14-1 

5-3 

6 

318 

401 

47-6 

40-8 

11-2 

20-4 

6-5 9-0 

7 

298 

372 

44-6 

40-6 

S-4 

15-1 

5-5 9‘M 

8 

331 

408 

47-9 

38-6 

S-3 

24-S 

6-4 12*7 

9 

279 

352 

41-1 

39-6 

7-2 

14-0 

4-2 9-6 

Av. 

299 

374 

43-1 

38-2 

8*8 

17-2 

5-5 9-7 

Av. change 

+ 75 

- 

4-9 

+ 

8-4 

i-4-2 

Av. in rats 

+ 49 

... 

6-1 

+ 8-3 

-2-8 


Nerve. The permeability of the nerve-cell membrane has not 
been studied to any great extent, presumably owing to the 
experimental difficulties involved. The comparative concentrations 
of potassium in crab serum and crab nerv’e have been reported 
by Cowan (1934), indicating that the potassium concentration of 
the nerve is about thirteen times greater than that in the scrum ; 
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ikii 1 I.UH huh i-iAivvuiuiih.tn uf potassium might be the basis of' 
t}.r ot hvi'w 'Aii> suggested by ^Macdonald 

bhuwrd that the could be modified by variation 

I >1 tfir ’ - comeiu ot' the fluid surrounding the cell. A mor<* 
drt.*ah*il Mud\ n! urb nature was carried out by Cowan lh34 
and xtm author made liie exceedingly interesting observation that 
•^nn'Kiiatjan ?>!' the nerve caused leakage of potassium out of the 
nrr\e. sh(A\r. !i> direct chemical determinations; some typical 
are shuv^n in 'I able XL. Xetter 1927^ , by measurement^ 

« hvtiiL^es in the renting potential of frog nen’e produced bv 
inimr r ^.un in ditlerent salts, concluded that the membrane is anion- 
irniKrrnieable atid that the mobilities of the cations varied in the 
order : (hi X j < Li < Xa < Cs < XH^ < Rb < K, i.e. nor 
tieces-^irih in the order of their ionic radii: however, the inter- 
pretaiKsii oi this sort of work is beset with many difficulties. 

I \Bl.K XL. Thf leakage of potassium salts from resting 
'^riMULATLD NERVES CoWAN, 1934 

I irr dunr.g tlie first a min. of stimulation, B during the secty - 

atin C asir.g tht* frst o min. following stimulation 


K ’fakage in mg. per min. 
pt.T gm. of ner\-e 


l.xp. 

Resiina: nerve 

- 

— 

Frequency of 

Stimulated nerve 

of stimulation 

‘2 


A 

0*133 

40 per sec. 



B 

0*142 



C 

0*048 


4 


A 

0*131 

40 per sec. 



B 

0*145 



C 

0*004 



«imt9 

A 

0*158 

100 per sec. 



B 

0*154 



C 

0*094 


i'* 


A 

0173 

140 per sec. 



B 

0*159 



C 

0*044 



When an impulse is carried down a nerve, electrical studies of 
the nerve at any point indicate the passage of a wave of electrical 
potential changes," known as the action potential; this action 
potential is presumed to manifest itself as a result of a change in 
the normal iomc permeability relationships between the nene 
cell and its environment, whereby salts can move across the nerve 
cell membrane. Cole & Gurus (1939) have recorded the potential 



OTHER THAN' THE ERYTHROCYTE 191 

and the membrane conductance f presumably a measure of the 
l^rmeability of the membrane to salts, of the giant squid axon 
during tlie passage of a ner\^ous impulse. It was found that the* 
passage of the propagated electrical disturbance, as manifesied 
hy the action potential, is accompanied by a reversible change 
in the membrane conductance, indicating an increased perme- 
ability to salts. 
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CHAPTER XIV 


Pt R \1 F M £'.4A ELECTROL} TES 

axd dees 

By J. F. Damelli 
PERMEABILITY TO DYES 

Thi 'dvan^a^t^ and disadvantages of the use of dyes for per- 
ni^al 4 iuv studies have Ix'eu ver>- clearly analysed by Jacobs 1924 , 
In the hrsi place the penetration of dyes may be readily observed 
!a n’otical methexis. ‘ Secondly, dyes of a very wide variety oi 
phvskal atid chemical properties are available; they may have 
hmh or low oil-water partition coefficients, be acidic or basic, form 
.n-^ IIoida! or colloidal soluUons. Nevertheless, dyes have been 
compmativelv little studied of recent years, probably largely 
Ixcause most dye molecules are only distantly related to com- 
pounds oS' phvsiolosrical imponance, and it is now realised that 
even minor \ariations in molecular structure may profoundly 
.lifer t the rate of penetration into cells, so that as most workers 
are irueresied in obtaining results of physiological importance, 
miptances chwen for study tend to be the closer relatives of those 
o! natural occurrence. But historically' the study of dyes has been 
of the greatest importance in developing the basic theory ot the 
subject, and it is in this light that we shall look upon this field. 

In his pioneering studies of the nature of the cell membrane. 
0\ erton Ilh Ht used a number of aniline dyes. He found that all 
those dses which readily penetrate cells are absorbed by fats and 
stain lecithin and cholesterol. He used this obsen'ation to support 
the view that the cell membrane is a thin layer of fatty material. 
Ruhland lt«tv-1914 ound a number of dyes, such as thionin 
and malachite green, which do not stain cholesterol but never- 
theless readily penetrate cells: and that other dyes, such as victoria 
blue and rose bengal, cannot enter cells, but still stain cholesterol. 
These results led Ruhland to reject Overton’s hy^pothesis, and to 
bring forward the contrary theory that the cell membrane is a 
molecular siev'c or ultra-filter, discriminating between molecules 
in virtue of their diameter, and composed possibly of protein 
material. 
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This explanation was not satisfactory to Hober 1922 , who 
remarked that many dyes which are unable to penetrate plant 
cells enter animal cells with some ease, particularly in the case 

colloidal fat-soluble dyes. Consequently the failure of a dye to 
enter a plant cell may be due to inability to penetrate the cellulose 
wall surrounding the plant cells. Furthermore, Herz 1922 , 
studying Opalina^ lound that dyes such as thionin are nfjt alTected 
by the presence of anaesthetics, whereas penetration of the fat- 
soluble dyes is inhibited. Consequently, Hober suggested that the 
fat-insoluble and fat-soluble dyes enter by two different routes. 
With these facts and suggestions in mind, Ruhland's objections to 
Overton’s hypothesis appear to be much less serious. Nierenstein*s 
1920; obseiwations on Paramecium are also of interest. He found 
that there was no general correlation of ability of acid and basic 
dyes to penetrate Paramecium, with their partition coefficients in 
either acidic, basic or neutral oils, but a close correlation exists 
with the partition coefficients in an oil which contains Ixtih an 
(Hganic acid and an organic base. 

Of the more recent work, that of Irwin on the permeability oi' 
Sitella to cresyl blue is of outstanding importance. Cresyl blue 
is a basic dye, and penetrates rapidly when present as the free 
base, but very slowly when present as a salt. In fact it is possible 
that the salt cannot penetrate at all. At equilibrium the con- 
centration of free base is the same both inside and outside the 
cell, but the amount of dye present as salt is greater on the side 
of greater acidity. Since the cell sap is acid about pH 5 . dye 
accumulates in the cell sap if the external medium is more alkaline 
than pH 5. Thus cresyl blue resembles the weak acids to be 
discussed later. Irwin (1925) has found a high Qio for the 
penetration of cresyl blue into Nitella, and suggested that the 
dye must take part in a chemical reaction in passing through the 
cell membrane. This, however, may be a wrong conclusion see 
p. 312). Commoner (1938) found a high for the entry of 
neutral red into Chaetopterus eggs. Whitaker (1936; found that 
changes in the permeability of sea-urchin eggs to dyes occur as a 
result of fertilisation. Ludford (1933) gives a review’ of many 
aspects of vital staining. Other aspects of this problem are 
covered by Scarth (1926), Cappell (1929), Salkind (1929i and 
HaU (1930). 
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I'.lti IiERMEAHI! 


l*r.RMl-ABlI.ITV TO WEAK ACIDS AND 
WEAK BASES 


1 s slo ij! ;icids and siroiis bases at pli\ siological exist 
' ...a'u;'. Miluti'^n entirely as charged ions. But the salts of weak 
ind^T-id we.ik h.istf.s exist as a mmure of ions and of unionised 
tree ai ki or base . A weak acid or base may thus penetrate a 
memhr.u.e either as an ion or as an undissociated molecule. 
M.inv pV.v'^in'.ocically important substances are weak electrolytes, 
e c. HAkda. NHpH, lactic acid, adrenaline. 

F .\ Hanev 'Ihll. Ifl4 made a comparison of the ability of 
weak aiid strong acids, and weak and strong bases, to penetrate 
the s.imc t ell. usintr indicators. For example, a marine egg stained 
with neutral red is coloured red when in normal sea water. If 
XaOH is added no change in colour appears until cytolysis occurs, 
so that as long as the cell membrane remains intact there is 
practically no penetration of alkali. If, however, a very small 
amount of ammonia is added to sea water, the cells rapidly 
become yellow, showing that alkali has reached the interior of 
the cell. Since the free OH~ ion present in XaOH was unable 
to penetrate the cell, it follows that the alkalinity with ammonia 
mu’st 1 r- due to penetration of NHg, which in the interior of the 
cell coinlanes svith water to produce hydroxyl ions : 

XHj + HP ^XHj + OH". 


Bv similar means Harecy showed that weak acids, such as butsTic, 
acetic and carbonic acids, also penetrate cells as the free acid, 
and that both weak acids and weak bases may leave cells as readily 
as they enter. 

Usterhoui 1925 has studied the penetration of the weak acid 
HjS into Vaknia-. the method being to expose the cells to sea water 
containing a constant amount of total sulphide, i.e. H 2 S-TXaSH, 
and measure the amount of sulphide present in the sap at equili- 
brium at various ^H. The results are sfrown on Fig. 45. It will 
be seen that the total concentration of sulphide in the interior 
of the cell is proportional to the concentration of HjS in the sea 
watCT, not to the total sulphide. The sap is at about pYL 5, at 
which ^H the »]l{^hklc is almost entirely HjS, so that under 
C^terhout’s experimental conditions we should find (concentratic® 
of sulphide in sap) = (concentration of free HjS in sea water), 
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mi 

pnnidrd the cell membrane is permeable to H^S only. Osterh^jut* 
therefore* concluded that, practically, only penetrates. Since 
the external total sulphide is corisiaiu, the external free Hp 
decreases as pH. increases, and consequently tlie H^S in the sap 
decreases proportionately. But, if the total sulphide is varied ifi 
such a way as to keep the external H^S concentration constant 
as the pH of the sea water is varied, we should fitid no cliatr^ir in 
the internal HoS concentration as the pH is varied. Thi- .fis j tva*. 
found to be the case by Osterhoui. Essentially siniiiar result- 
were found by Osterhout & Dorcas 1925 for and by I ruin 
: 192t» for the weak base cresyl blue; in !K>th cases it is only tlie 



of external medium 

Fig. 4o. Curve showing the relationship between th"* /H cr a 
containing sulphide and the iota! intrace’.lulur •'u!ph:d’: i',. ih.’ .. .. ^r- 

hout, 1925i. 

unionised molecules which appear to penetrate. These studies are 
one of the few cases in which information about penneability 
may be obtained from the study of equilibrium conditions. 

Further information has been obtained from observations on 
the kinetics of penetration of these substances. Jacques i93B has 
studied the rate at which HgS penetrates Valonia^ finding that the 
number of molecules penetrating obeys, to a first approximation, 
the equation x = a(l — where a is the external concentration 
of H^S, is the total sulphide (practically speaking all H^S in 
the sap, t is time and it is a constant. This is the form of equation 
that should be obeyed if penetration is a simple process, not com- 
plicated by compound formation l>etv\’een H*>S and membrane 
molecules, and k should be independent of the absolute value <£ a. 
Fig. 46 shows that k is constant within experimental error. 
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In thf casr (A fjasps, however, a quite different condition 
prevail^, binre. as \%'e have pointed out above, the equilibrium 
Wiuerii the tree base in the sap and the free base in sea water, 
fhr rate r^f peiiriration ofe.LL NH3 should be proportional to the 
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Lxtrrnal concentration of H^S 

ho. 4^*. it the a\f*raee vek*c'ity constant .''from the first to llie fifih 

U f eacfi equilibrium concentration of H 2 S, the latter being regarded 
rquAakia to the concentration of molecular H^S in the external solution 
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Fi y 4T,. Kate c f entrance of NHg into Valonia, plotted against external 
cuncentraiion iCbterhout, 1936). 

difference of concentration of the sea water and the sap. 
AciuaHy, as is showm by Fig. 47, the rate of penetration is not 
propcnional to {NHg]^ - [NHgJj , but falls off as the concentration 
difference inarea^ (Osicrhout, 1936). Osterhout suggested that 
actually the NHj combines with an acid constituent of the 
membrane, NHg4-HJf=NH4Z, and that it is this compound 
which diffuses acn» the n^mbrane. In this case the rate of 
penetration will be proportional to the gradient, not of NHj, but 
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of If [XH 3 ], = h, as is the case at the beginning of an 

experiment, we have 

A[XH,-\1 = [XH3]„ [HA-]-A[XH,A-] I, 

where /: is a constant and A[XH.jA']is theconcentraiionof A'at 
the outer surface of the membrane. The full line of 47 w as CaU 
culated from this equation, using /r = H*0ol53 arid [HA'] -O-i O M. 
In other words, the variation of the rate of penetration 
concentration gradient of XH 3 is increased is consistent wiili the 
view that the diffusing unit is not XH 3 but XH^A'. Essentially 
similar conclusions have been reached by Jacques for the penetra- 
tion of the stronger base guanidine into Valonia. Poijarvi 
has made a study of the rate of penetration of a number of organic 
bases into plant cells, finding that lipoid solubility favours rapid 
penetration, and that strong bases tend to penetrate more slowly 
than weak bases of otherwise similar structure. 

Gray (1922) has drawn attention to the physiological im- 
portance of the rapid penetration of weak acids and weak bases, 
pointing out that frequently such compounds have a more 
immediate and more profound action on the behaviour of cells 
than an equal concentration of a strong acid or strong base, and 
that recovery from the action of a weakly ionising substance is 
usually more rapid than from a strongly ionising substance. 

Bodansky (1931) has studied the haemolytic action of acids 
added to isotonic X”aCl, finding that the rate of haemolysis 
increases wath the length of the hydrocarbon chain with the 
scries of aliphatic acids C„H 2 „.f.iG 02 H. The haemolysis is probably 
due to an action of the acids on the cell membrane. It cannot f>e 
proportional to the rate of penetration of the acids, for the 
equilibrium conditions of red cells are not such as will lead to 
haemolysis in isotonic XaCl solutions containing a second pene- 
trating component (see Chapter in). Xevertheless, this work is 
frequently quoted as evidence that permeability to fatty acids 
increases with chain length. 

A special case of some importance is that of penetration of the 
ammonium salts of weak acids. In this case both anion and cation 
can penetrate in an unionised form. Jacobs (1922, 1924) made 
the first analysis of the behaviour of these salts, coming to the 
<x>ndusion that NHg formed by hydrolysis is the 
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aminojiM fK-iietraJcs c-li iiK-nibranes, and findi^r that, in the 
c ise of fells, harmolvsis will occur with the NH^ salts even of 
sm,m arid*. I his is iiccausc red cells are normally permeable to 
inions so that in the case oL say, NHtCl, ammonia will penetrate 
ii Ml and chloride as the ion, so that there is no impermeable 
mmi.ince present to prevent the red cells swelling and bursting 
(Ir-kov I'.tlM claimed that the red cell is more permeable lo 
NH, itim'than to NH 3 . but this was regarded as highly im- 
proK.ble l.v Jacolis & Parpari 193S . 

It we imestirate the rate of penetration of the ammomum salts 
of ditlerer.t acids into the same cell, any differences observed 
l«-ween the salts must W due partly to the differences in the acid 
radicles. Thus in ihi. way Jacobs ; 1927, found the rate of pene- 
tration of ammonium salts into red cells is formate < acetate < pro- 
pionate < butvrate < valerate. Stewart 1931 j found the same 
series with Maeia eggs, as did Bouillenne (1930; with cells of 
Iradeu-antia and Allium; but Ruhland et al. 11932, with the 
bacterium Khabilis found the series reversed, i.e. that 

valerate penetrates much more slowly than formate. Hober 
:hl ronlimied Jacob's observation on red cells and also found 
th.i th** ammonium salts of aromatic carboxylic acids, which can 
• *' etr.ite a> unionised acids, penetrate much more rapidly than the 
s.ilts aromatic sulphonic acids, which can only penetrate as 
the .mion. Maizels 1937}, studying the exchange of anions across 
the red cell membrane, found at 5'1 the series formate < ace- 
tate K. butvrate -c valerate, and concluded that at this plA. pene- 
tration as the neutral molecule is of importance even with the 
red cell At 7 there was much less evidence of penetration as 
neutral molecules, and \Iaizels found little difference between 
formate and valerate. The theon" of penetration of ammonium 
salts iias been more quantitatively discussed by Jacobs (1940 . 
Jacobs points out that even small changes of^H are of the greatest 
importance when dealing with weak electrolytes, since the 
equilibrium between the various forms of the electrolyte is 
controlled by the pH. E.g. with a weak electrolyte HR we have 


^H=i!K'-i-log^j (29) 

=,^K-Mogj-^. (29-1) 
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Here K' and K are constants, and a is the fraction of the weak 
electrolyte which is ionised. To a first approximation pH may hr 
regarded as the negative logarithm of the hydrogen-ion con- 
centration. Then from (26.1 ; we obtain 


and 


[HR'\= I C== 
[R-]^ aC = 


C 

C 

1 .i. 
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where C is the total concentration of weak electrolyte in all its 
forms. The net rate of entry of the unionised molecule iriio a cell 
is proportional to 

C C 



“ 


At equilibrium the two terms of ‘27. will be equal and the 
accumulation ratio is ‘ 

where sufHxes i and o refer to the inside and outside of the cell. 
In practice pH^ will frequently not remain constant, but will 
change according to whether the penetrating undissociated form 
is an acid, e.g. HgCOg, or a base, e.g. XH 3 , as has been pointed 
out above (Harvey, 1911; Jacobs, 1922 . 

Jacobs criticises the view that the rate of haemolysis in isotonic 
XH 4 salt solutions is proportional to the permeability of the celh 
to anions. The mechanism which is assumed to operate in these 
cases is that the ammonium ion dissociates into XH 3 — H~, 
penetrates as XH3, then combines w ith w’ater to give XH^ — OH~ ; 
finally OH” exchanges with Cl” or other anion across the red 
cell membrane. But w^hilst the rate of exchange is proportional 
to the rate of penetration of the external anion, it is also pro- 
portional to the OH” concentration inside the cell, w’hich Jacobs 
points out is so low that it may veiw^ profoundly reduce the rate 
of anion exchange. Hence the rate of haemolysis is also a function 
of the pH inside the cell. 

* Jacobs also points out that, follow-ing Bronsied, it is \'er\’ convenient to 
the same equations for weak bases, treating the ion (e.g. NH4 (> as a weak add 
which dissociates into NH3+ In this case 
[NHi] = (l-a)C, 

[NHd^aC. 
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CHAPTER XV 


IMPED Aye E Ayo POTEXTIAL MEASUREMEXTS 
AXl) PERMEABILITY 

Bv J. F. Danielli 

IMPEDANCE MEASUREMENTS AND 
PERMEABILITY TO IONS 

Fru\! ^ihvrudnnis current impedance studies we can measure 
the electricAi! lapucity and resistance of a membrane. We may 
as^iirne tinr. ''tiie capacity is probably a property of the ion 
im,:,,' !e aspect oiThe membrane, while the conductance is 
due the ion i^ermeabiiity * ■ Cole & Curtis, 1938^ . Consequently 
fur m the main feature of interest is the resistance, which gives 
a measure of the permeability of a membrane to ions; there are. 
however, a numberisf interesting points about the capacity values. 

1 he earliest measurements made on cells are those of Hober 
iti 10 - 1*113 on the red cell. Hober found that the interior of 
the cell had a higii conductivity, but that the conductivity of the 
cell nif mbraiie is very low. Tire resistance of red cells as a whole, 
i.e, when the resistance was measured by direct current so as to 
iticlude Ixrth the cell membrane and the cell contents, was 
approximately equal so that of <)- 02 '^U 3 XaCl. But when fairlv 
hiifh-frequency alternating current is used to measure the re- 
si^iartce the effect of the membranes can be eliminated, and by 
this nitvins EIol>er was able to show that the resistance of the 
interior of the cell was much lower, equal to that of 0*4 XaCL 
Consequently, the high resistance measured with direct current 
must be due to the cell membrane. Hober’s work on the red cell 
has t:>een greatly extended by Fricke and his colleagues (1924, 
1925, 1935 and McClendon 1926;. The most interesting result 
so far obtained from the more accurate studies is a calculation 
from the capacity of the membrane of a value for the membrane 
thickoca. A^uming a value of 3 for the dielectric constant of 
the membrane, it can be shown that the membrane thickness lies 
39 aiKi 50 A. (3«-5 m/i). There has been a great deal d 
disciBsion as to whether 3 is the correct value to assume for the 
dielectric constant of the membrane. If the membrane is compo^ 
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of large fatty molecules such as triolein and cholesterol, 3 would 
be a reasonable assumption Danielli, 1935 . If, on the other 
hand, it is made of such molecules as guaiacol, the dielectric 
constant would be as large as 12 or more Osierhout, 1937 , and 
in this case the thickness would be of tlie order ol' 15U A. Similar 
measurements have been made on many other cells, e.g. yeast 
cells and polymorphonuclear leucocytes Fricke & Cuni-^, liilUb, 

1 935 a, 5 the eggs of Arbada, Asierias and sumiiiarised i/g 

Cole, 1937^5 Valonia and Xitel la Blinks, 1930, 193^*: Cole Curiis, 
1937, 1938^ and squid nerve axons Curtis Cole. 193^: C jle 
& Hodgkin, 1939^:. More recent results on Arbacia eggs, whole 
and after centrifuging into halves, and on Cumingia and Chaeiopierus 
eggs, are given by Cole & Curtis (1938,. All these studies are 
agreed in finding that ceil membranes have a ‘‘static’’ capacity 
of about 1 microfarad per cm.-, giving values for the thickness 
of the ceil membrane in substantial agreement with those found 
for the red cell, i.e. between 30 and 150 A., according to the value 
assumed for the dielectric constant. 

Where the electrical resistance has been measured, it appears 
to lie between 1000 and IjCXMljOIX) ohms per cm.- of membrane. 
This value applies only to normal cells in the resting state. Xitella 
membranes have an average resistance of 250, ohms per cm.-, 
and for squid nerve the value is ohms per cm.- We may 

compare these resistances with the specific resistance of various 
substances: 10 KCi, lO- ohms; methyl alcohol, iu*' ohms: olive 

oil (dry), 10^- ohms, and wet with salt solution , 1*’-^ ohms: 

paraffin, 10^® ohms; guaiacol wet with conducii\ ity water , 
2-5 X 10” ohms. If we divide the resistance of the cell membrane 
by the specific resistance of the material of which it is composed, 
we should obtain a value for the thickness of the membrane. 
E.g. a membrane of resistance 10^ ohms per cm.-, if composed of 
olive oil, would have a thickness of 10^® = 10“ ® cm. or bn) A., 
a very^ possible value for the cell membrane; but if consisting of 
guaiacol, the thickness would be 10 ^-p2-5x 10" = 4x 10“^ cm. or 
4 ft, an improbably large thickness, t f 

This high resistance of 10^ ohms reflects the fact that the cell 
membrane has an extremely small permeability to ions, which 
diffuse across the cell membrane under an applied potential in 
about the same time as they would move from one side to the 
other of a layer of NjlO KCI 100 cm. in thickness. Alternatively, 
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pLilii 4 Tfjuul tuickncsics ot A lo InC.1 Riid ceil incrniirjnc, we 
fiid'ihat the I ' ll lurinbraiic is about lO® times less permeable to 
iuru th.u! ihf KCi '.iiluii'Mi. 

Hi AMotT, these calculations which we have been making front 
rrsistanu- and cai>acity measurements rest upon a great many 
assiinijttioiis. and must be regarded with considerable scepticism 
until we have available studies of the resistance and capacity of 
thin artificial oil films of known structure and composition. 

1 he high resistance or low permeability to ions^ of the suriace 
ol cells is ot' verv great physiological importance, for it enables 
ceib to maintain an interior ionic composition which may be 
tjuue difiVrern tiom that of the exterior medium. For example, 
most ceils maintain an interior concentration of K^- much in 
excess of that of the exterior medium; for muscle and nerve the 
ratio ol interior to exterior concentration is about 20 : 1. For 
red cells there are variations from species to species, as shown by 
Table XL I. Where there is an excess of K’^ in the interior of a 
cell, it is usually balanced by an osmotically equivalent deficit 
of -Na' or other caiioms. Owing to the low permeability of the 
cell membraiw to cations, the red cell is able to maintain these 
concentr.ni.m differences without the expenditure of a great deal 

Ol eneiL'^'.* 

i ABLE XLI, SHOWING THE CON’CENTRATIOXS OF K* IN THE PLASM.^ 
\\U RID t.LLL*. VARIOUS SPECIES, IN PARTS PER THOUSAND B\ 


Species Plasma Red cells 

Horse 4-1 

Pig 0-27 50 

Ikm <>25 0-27 

C,at 0-20 0-26 


Siniilariv . death of a ceil is reflected by a dramatic increase in 
l^rmeability to ions, as may be shown in many ways. For example, 
a living trout egg is impermeable to salts, and its contents are a 
clear pale yellow'; after death salts leak out rapidly, and the yolk 
globiiiim are precipitated, giving the cell a cloudy white appear- 

♦ Incrcasisg tlae pcripe'abiiity to ions of a cell membrane may necessitate the 
pcrfcjrmaiice of greater wwk by the ceil to maintain its normal ionic composition. 
Is tkm ii m interesting to note that when the concentration of the 

Ringer batMng a mmch is raised, so is the rate of heat production (SolaiHit, 
1936 . Raish^ the K'" oc»caatratk>n of Ringer is generally believed to increase 
permeaMlity of exdtable celk to ions. 
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ance. Again, chemical methods may be used to show that 
leak out rapidly only after death of the cell; see for example tile 
work of Cowan , 1 934 , who showed that K"" only leaks out oi’ 
asphyxiated nerve cells after asphyxiation has l>een prolonged 
sutiicieiiily to cause irreversible damage to the ner\'e. But of all 
methods of showing this change, probably the most elegant is 
measurement of the electrical resistance of the celL as was shown 
by Osterhout 1914, 1919^,, by experiments on Laminaria and fro^ 
skin. Osterhout measured the resistance of the tissues when the 
ionic composition of the bathing medium w as changed from ilie 
normal. Table XLII show's a typical set of results w ith Laminaria: 
the resistance fails off continuously as the condition of the cells 
deteriorates, andfinally reaches a value typical of dead cells in XaCL 
In KCi solution the change of resistance of Laminaria w as similar, 
but with isotonic MgCU and CaCl. there w'as a rapid rise in 
resistance, followed by a fall to the \'alue for dead cells. Osterhout 
states that he obtained similar results with frog skim Irai 
& Gordon (1930), using a rather more accurate method, wer^' 
unable to find confirmation of the details of these experiineni? 
when working with Xenopus skin, Xenopus ventral a!>domiriai 
muscle, skin of Rana fuscigula, uterus of the viviparous Cape 
dogfish ‘ Acanihiasj, and rabbit diaphragm. The conclusion that 
the resistance falls off as the cells die is, how ever, uncontesied. 

TABLE XLII. Change in ohmic ance r I i 

after exposure to isotonic NaCI. AN'.„c . : : : i c 

= 320 ohms 


Time imin.. 

Resistance 

0 

ObO 

^0 

745 

40 

500 

00 

41*5 

150 

345 

300 

32* t 


Some interesting work on bacteria has also been published 
by Shearer (1919), Green & Larson (1922; and Zoond 1927 . 
B. colt is stable in Ringer solution, and a suspension in Ringer has 
a resistance which does not vary' wdth time see Fig. 4s . In a 
similar suspension in isotonic NaCl the resistance tails ofi with 
time, eventually reaching a value characteristic of the XaCl 
solution. CaCl^, on the other hand, raises the resistance of the 
suspension. Shearer attributes this mainly to changes in the 
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resistance oi' th,- rrli t:.. n.M-ane. Accurdine to Green & Lar.o„, 
and Z,H.t,d. .ht> iai; n. re4>la,to- is due to leakage ol san- irorn 
the cells .u.ti IS u.. iiidtcaiioii « a resistance change in me cell 
It, however, cannot account lot the 

„.r in res, Stan. . tshu h .«u,> alter addition oi CaCl,, no, the 
f u , th e th- laU in resistance at death c«:curs even with suspensions 
iVlMituG. sain.-: luriherniore. the latter author^s experiments are 
1.1 iVom'iietnu exact repetitions ot Shearer's expenrnents. =ince 
'.'hes ‘rive usetl more dilute suspensions and more dilute saline, 
ir- ,hor tse are inclined to think that Shearer^s results are to lie 



liG. 4S. The change with time in elecmcal resistance of suspensions oi 
bacteria in elutions of various salts (Shearer *. 


explained largelv in the manner he suggests, and that later worken 
have criticised his results after performing rather different ex- 
periments. 

From these various impedance studies there is a certain amount 
of evidence that a CaQ, increases and XaCl decreases the 
resistance of the cell membrane, and (b) that in the absence of 
divalent cadons the permeability of the cell membrane to ions is 
increased. With regard to a), it may certainly be said that the 
inidal action of Ca and Na on the observed resistance is consistent 
with this conclusion, but beyond this we cannot at present go 
ovsing to the complexity of the tissues used. For example, it is 
perfectly possible that the initial action of Na”*" and Ca' ' on the 
tissues is really not on the cell membranes, but on the intercellular 
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niairix, which according to Gray .see Chapter vi of his Experi- 
menial CvtohgVj is often very sensitive to the character of the ionic 
environment; thus, according to Herbst, in Ca-free sea water the 
intercellular matrix of Echinoderm larvae is soluble and con- 
sequenth' cannot hold the cells together Herbst, : Gray has 
shown that the cells of Mytilus tissue are bound together by a 
matrix the stability of which depends upon divalent cations. In 
view of such facts we can readily see that the action of Ca-free 
solutions on a complex tissue may be initially to loosen iht: matrix 
and thus increase the permeability to ions or decrease the 
resistance;, without affecting the cell memlrrane at ail. Equally, 
in the later changes, as the resistance falls to the “lethal level *’ we 
cannot be sure that the observed decrease in resistance represents 
a progressive decline in the resistance of the membranes of all the 
cells. It may mean simply that different cells die at dirilreiit 
times, whereupon their membrane resistance falls to zero, thus 
giving for a large number of cells, such as are found in a tissue 
membrane, an apparently steady decline of resistance v> hid: is 
simply due to a statistical effect. With regard to b a similar 
difficulty exists: it is perfectly true that when divalent ions are 
added to or removed from the bathing solution there is an increase 
or decrease in resistance; this may or may not be due to a change 
in resistance of the cell membranes and, assuming it is actually 
due to the cell membranes, it does not follow from the change of 
resistance measured that the permeaihlity of the nivmhmr.e to 
ions has genuinely changed. The ions in the vicinity o: th: 
membrane are mainly an adsorbed population, adding e.g. C.; 
may simply change the ion population by displacing e.g. Xah 
Then the bulky Ca^^ ion may be much less able to penetrate the 
cell membrane than were the displaced Xa"* ions and so the 
resistance will rise. But this rise in resistance will not mean that 
the membrane has changed — it only means that the same 
membrane is less permeable to divalent than to univalent cations. 
So we see once more that the detailed interpretation oi re- 
sistance measurements is a very" complicated matter. Similar 
difficulties have been found with observ^ations on the red cell 
(Fricke & Curtis, 1934; Curtis, 1936;. Fricke & Curtis concluded 
from their studies that the red cell swells up to the point of 
haemolysis without apparent change in resistance. After haemo- 
1)^ or lysis by chemical lysins (saponin, complement and 



al measurement- 


the membrane perMSt^, Imi 
'IV a duiiv^^ in ihe Irequency dependence 


rv^iMance at l^nv frequencies. It mtis concluded 

"“r be due merely to a rupture in the 

‘u:'l be due mchanues in the properties increased 
inria a.n.t . membrane as a whole'’. Curtis subsequently 
thifoptttUm: he subjected red cells to sublytic do^s of 
leetthin, tanttic acid, glucose, sapoiun. amtoceptor and co.lo.dal 
fhric It id all of \shich should to some e.xtent change the per- 
m'eahthtv 01 the cell membrane. Yet no change in the electrical 
! m^raes of the red ceils could be detected. It was concluded 
‘ ■ ■> is resul- in.iy tneait that the form of the irequency variation 

If-r 't b iuM-miiite measure of permeability changes and 
V tl f sdom.foniv the very great changes associated with 
vurni.fo^f. oi it mav mean that the change in the irequency 
1 ‘.r’ .-ion it low frequencies has nothing to do with permeability ’. 
‘dne mithoritv on this field has remarked to us that electrical 
m.^lurements are "the world's worst method of measuring 
changes". It is certainly true that even the Ixst 
i’. iU ' -dlvailabie at present cannot effectively detect changes 
‘V ; . i'-n whicii can. however, be observed by other 

luebicZ, i d example. Davsoii :1937; has shown quite clearly 
hv cheinicai methods that, when subjected to osmotic stselling. 
the red cell membrane becomes much more permeable to K' at 
t V ts,e of swelling much less than is necessary to cause haemolysis, 
But this change 'has not so far been detected by the electrical 


studies Frickc & Curtis, 1935 a). 

In spite of the disadvantage of lack of sensitivity, impedance 
studies have vielded a number of results of the highest physiological 
importance. ' Recently Curtis & Cole have studied the changes ol 
impedance that accompany the passage of the impulse in squid 
nene . 193S aj and .Xiiella ceUs (Cole & Curtis, 1938) , finding that 
at the spike of the action potential the resistance of the cell 
membrane has ihllen to about 1% or less of its resting value. 
Fig. 49 shows the time relationships of the monophasic action 
potential, and the membrane conductance which was measured 
simultanTOialy for .Viie/fo. (The membrane conductance is 
inversely prt^rtional to the membrane resistance.) The onset 
of the increase in conductance, in both nerve and Miella, ocewi 
somewhat after the start of the action potential, but comades 
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quite closeiy with the point of inflection on the rising* pluise. 

this point the membrane current density reverses in direction, 
corresponding to a decrease of the membrane electromotive force, 
so that this e.m.f. and the conductance are ciostdv associated 
properties oi the membrane, and their sudden changes are them- 
selves, or are due to, the actidiy which is responsible for the 
propagation of the ner\'e impulse. . . . Since the maximum o!iser\ ed 
conductances are still far from a complete permealjility, and 
!:^cause the capacity changes are relatively slight about ! 



t 

Stimulus 

Fig. 49. Xitella membrane conductance, and monopba->:: p-iSleriU-d 

IS. time after stimulation ! Cole &. Curtis, i93S . Ordinates in arbiuary liniL'. 
Frequency 0-2 kc. 

decrease in squid neiY’e, lo^o decrease in Sitella , we have indi- 
cations that the excitation docs not involve disintegration or 
destruction of the membrane/' Thar this decrease in r^istance 
of the cell membrane should accompany the passage of an 
impulse was predicted by R. S. Lillie (1023) on theoretical grounds ; 
experimental difficulties for many years prevented its experimental 
detection and the eventual success of the impedance studies is one 
of the greatest technical achievements in the field of permeability. 
Blinks (1929) had previously shown that stimulation of Xitelia 
produces a very large drop in resistance. A similar drop, from 
^,000 to 10,000 ohms, is found when the bathing fluid (normally 
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|KMid o n*ulatt;d by n- f .V KCL^ RbCl has a similar action, 

bu! lodi NaC-L Lie:]. XHiCl, CsCL CaCL and MgSO^ there is 

huh' I lU iVMMaiiCe. 

.N lh*iinru-C:iark \U'2U have shown that the resistance 

i d ihaoi iir'erea?>e> sharply on stimulation. 

t.iihrr results have been oljtained with Arbacia eggs, troiu eggs 
aiid eia.vdiopper According to Cole & Spencer ih 3 s a 

coreviderable change takes place in the membrane capacity of 
on iertilis^iiion : the unieriiliscd egg has a membrane 
rapacity t 4 o-st; inicroiarad per cm.- and the fertilised egg 3.3 
iUHTofirad.^ per con- This parallels a change in permeability to 
\\ater and ethylene glycol which takes place on fertilisation. 
l.>!i the Mificr hwiiid -i.nne marine eggs, e.g. those of Cumingla and 
i.hdU’fUtu^, stem luiie change of membrane capacity on fenilisa- 
tiMii Cade & Curtis. 193b^. Hubbard & Rothschild 1939 have 
>ho\'^n that the impedance of trout eggs exhibits a peculiar 
rh> timucal ductuation which deserves further study. Cole k 
Jaim 1937 studied the changes in impedance evith time of 
gra.sshopixT' eggs Melmi^plus dij’ereniialis . . Before formation of 
tie- t uticului the membrane has a resistance of 84 ohms per cm.- 
Aiid a cajnara of u-h 15 microfarad: after formation of the 
cutauLn the leMstance rises to more than 10,000 ohms per cm.'- 
and the capacity to UT microfarad. 

\Try niarn ini|>edance studies have been made on muscle and 
on mrdullated nerve, but so far these have been extremely 
ditiiiuli to interpret owing to the complex nature of the tissues. 
Partirularlv irnp<inant papei^ arc those of Gildermeister, 192 n; 

193^*: Muralt, 1935; and Cole, 1936. Rushton -1934 
dr\ i^rd a incihftd tor measuring the resistance across the nerve 
ihraih ; this resistance proved to be mainly due to the medullating 
sheath and not to the excitable membrane (Cole, 1936 , and is 
ia^nsitivr to changes in ionic composition and j&H of the bathing 
iuid .Danieili, 

* J fik drt^p m roi^tancc dccb not necessarily involve a change in permeability. 

Set the on p. 
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THE INTERPRETATION OF POTENTIAL DIFFER- 
ENCES ACROSS THIN POROUS MEMBRANES 

llie interpretation of potential measurements is a subject of great 
complication even in artificial systems where the constituent ions, 
whose diffusion gives rise to a potential, are known. In biological 
systems, where at present many of the ionic species are usually 
unknown, and where additional complications are introduced by 
variations in membrane permeability with time and by the de- 
pendence of potentials on cellular metabolism, the interpretation 
of potentials is not merely difficult, but frequently sheer speculation. 
Any conclusions on biological systems which are reached in the 
following pages are, therefore, at best provisional. 

Let us consider first the potentials which may arise in artificial 
systems as a result of diffusion of ions in the absence of membranes. 
We may distinguish two simple cases of particular interest : 1 the 
potential arising when two solutions containing different electro- 
lytes of the same concentration are brought into contact: 2 the 
potential arising when two solutions of the same electrolyte but 
of difierent concentration are brought into contact. In both cases 
the potentials are due to the fact that in one or both solutions the 
anion and the cation tend to diffuse at different speeds, so that 
the faster ion ;'e.g. H~ in HCl solution outstrips the slower ion 
^Cr y : the resultant separation of electrical charges produces the 
measurable potential. The theory of these potentials w as studied 
by Planck (1890) and Henderson 1907, 1908,. Guggenheim 
(1933; gives an excellent and exact introduction to the thermo- 
dynamic theory of such potentials. 

Case (1). If the two equimolar solutions contain univalent 
cations, e.g. Na"^ and respectively, and have a common anion, 
e.g. Cl", and the mobilities of these ions are and Uj 

respectively, then the potential arising when the solutions are 
brought into contact is 

£ =0-058 log '30; 

EjsTj -tLa 

Table XLIII gives values for such potentials for a number of 
different pairs of ions. When an ion of high mobility, such as 
is paired against one of low mobility, such as Li^, a high potential 
is produced. Where the ions are of nearly the same mobfiity, 
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X.r Li', the potential is small. It will be seen that 
%‘|ii liiirlv .iccurate in dilute solution U-Ul M ; it 
I,J»I at nri! tur the variation in potential when the conceniraiion 
nicrra^ecl 0^1 M, Lewis & Sargent imd) introduced a semi- 
r:in;ara.:al correction tor the effect of absolute conceniraiion, 
and Ml. Lines & Lon.gsworth '1036: give a gi'aphical method for 
rstimaiiinj such |X)ientials which is accurate within the limits of 
experimental error. 

I \ELE XLUi. Pi TLNTIAL^ IN MILLIVOLTS ARISING AT THE JUNX- 
N nVO rnriMOLAR SOLUTIONS OF DIFFERENT UM. 

1 \ fNl I.IT.VIKl-LVIES AFTER McInNES_& YeH; 



ool.U 

0*1 

Calculated 


solutions 

solutions 

Henderson 

H( I : liCl 

33 s 

34-9 

33-S 

k( i . N'aC l 

3-9 

G-4 

4-.J 

[«J : KCl 


26-S 

27*0 

NaCl : UCI 

2-n 




1 ABLE XU V. Potentials in millivolts arising between O-LW 

and »» >OLV IIONS OF THE SAME ELECTROLYTE 'AFTER MiCHAELIS 


K«SOi 

■y 15 

KCl 

0 

LiCI 

-15 

NaOH 

-32 


Case 2 . Again the potentials which arise are dependent upon 
different mobilities of the ions. If the two solutions are .V 10 KCl 
and .V IflO KCl, the potential produced is practically 2010 , 
i>ecause K"* and CF diffuse at practically the same speed, whereas 
with XaOH. which has one slowly moving ion (Na^) and one 
last ion OH” , a high potential is produced. Some typical 
examples are given in Table XLIV. The theoretical values for 
these three potentials are 

£=0-058 

where Cj and C, are the concentrations in the more concentrated 
and more dilute solutions respectively. If the mobility of the 
cation is zero = the formula reduces to 

£=~0-058 log^F 
Co 


(30-2) 
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If the mobility of the anion is zero = we haee the same 
formula but with a change of sign: 

C 

E= -T t>-058 iou yK ...... 

I^cts due io Membranes, If instead of l)rininnu the t%\ri pairs of 
salt solutions into direct contact we separate tlierc Ijv an i::ert 
porous membranes the potentials arising should dilTer b\ ’.erv 
little from those found in the absence of the mern'jrane. In 
practice it is found that membranes with very wide por?:i do 
conform to this condition, but that with most oilier membranes 
there is a very marked effect on the potential. The effect of the 
membrane is to change the relative mobility of the various ions 
by virtue of several different factors and this, as we can see from 
equations (2S, and must modify the potentials obser\'ed. 

Frequently the modifying influence of the membrane is so hich 
as to reduce the mobility of all ions of one sign to zero. Thi' is tiie 
case with dried collodion membranes, studied by Michaelis 1 
and many other workers. The normal dried collodion n.iem-ira::e 
is permeable only to cations. Table XL\" shows the potentials 
arising when equimolar solutions of different electroh tes are 
separated by such a membrane. When the nature of tlie cation 

TABLE XLV. Potenti.^l differenc!.:; n-: -LT? F.r:T\vL'.\ 

ihlM SOLUTIONS SEPARATED BY A :.R:ED \ 

AFTER MiCH.AELIS, 


Salts with common 

anion Cl 

Salts with ron:r::;.; 

KCl : HCl 

-r93 

KCl ; KBr 

KCl : RbCl 

-f s 

KCl : KOH 

KCl : KCl 

0 

KCl : K.SOj 

KCl : XaCl 

-48 

KCl : Kl 

KCl : LiCl 

-74 

KCl : KTe CX 


is changed, so is the potential. But changing the anion makes no 
difference to the potential. Not only is the mobility of the anion 
in such a membrane reduced almost to zero, but the relative 
mobility of the cations is also affected, so that the smaller cations 
diffuse at a greater rate, compared with the larger cations, tlian 
is the case in water. Thus the ratio of the mobilities of H"" to Li” is 
about 10 in water and about 1000 in a dried collodion membrane. 

One striking result of the impermeability to anions is that if a 
salt solution is separated from distilled water by such a membrane, 
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Irakaiic of ^ali inio ilie water is very slow. But if two solutioni 

h. whiC ciifTrieni cations are used, exchange of the cations occun 
raoidh'. dir- anions of course showing little or no exchange. 

I a- -aiiir- inipenneahility to anions is shown when two solutions 
cohiaiiiiiiir thr- same salt in different concentrations are separated 
!j\ a dried collodion membrane. The mobility of the anion is nil. 

i. f. / I so that for a concentration difference of tenfold the 
potential should lx* 58 millivolts equation (29; ; this value is 
very nearly reached with -.V 10 and -V 100 KCi separated by a dried 
membrane. There are, however, very marked effects found when 
the \'aliie of' C\ C\ is constant, but the absolute concentrations arc 
varied. l"his concentration effect cannot be accounted for by the 
simple therary iriven above. 

Mond & Hoffman 1928 and Wiibrandt (1935;; have studied 
colhxJion membranes containing basic substances, such as 
rhcKiamin B. Mond found that when collodion membranes are 
prepared containing suitable bases, an anion-permeable mein- 
brane is obtained instead of the usual cation-permeable type. 
Table XIAl shows the potentials obtained with such a membrane, 
llie behaviour is exactly the opposite of that of the cation- 
|xni;eable membranes; the potential is greatly affected by the 
nature of the anion, but not at ail by the nature of the cation. 

1 ABLE XL\'l. Potential differences in millivolts across a 

LRIin COLLODION MEMBRANE STAINED WITH RHODAMIN B. 01 M 
■i.r-.L? AFTER MOND'' 


NaCI : XaSeX 

-60 

XaCI : XaXOs 

-51 

XaCI : Xal 

-33 

XaCl ; XaBr 

-20 

XaCI : XaCI 

0 


Membranes of amphoteric materials, such as gelatin, are pre- 
dominantly fx^rmeabie to cations on the alkaline side of the 
iso-eicctric point, to anions on the acid side, and at the iso-electric 
fmet e^ert preferential action on the mobility of neither 

caiion i^r anion. 

Miclmlk invested that the reason why collodion membranes 
were normally cation permeable is that the membrane consists 
of very aarrow pones, on the wails of which anions such as C3” 
were adKxbcd. Then, if the pore is sufficiently narrow, no mmr 
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anions will be able to enter owing to the electrostatic repulsive 
aciion of the adsorbed anions: only cations will be free to diffuse 
throuiih the pores and the membrane will therefore be exclusively 
cation permeable, since the adsorbed anions are fixed on the walls 
of the pores and so cannot migrate. Northrop 1929 and 
Beutner et al. (1933, 1934; have regarded the matter as more a 
question of the partition coefficients of the different ions between 
collodion and water. 

There is in any case great difficulty in accepting the ide.; tiiat 
the anions are immobilised by adsorption on the wails of the 
collodion pores. The polar character of collodion is little calculated 
to promote the adsorption of anions and in addition there are 
already anions (SO 3 and COo ) attached to the structure of the 
nitrated polysaccharide chains of which collodion is composed. 
With these facts in mind, Wilbrandt 1935 developed a view 
which to some extent resolved the conflict between the views of 
Michaelis and of Northrop, and which has furnished the basic ideas 
for a more accurate quantitative treatment of the potentials. 

W’ilbrandt pointed out that there is agreement among ail 
workers that the more permeable collodion membranes have a 
porous structure. Collodion membranes are prepared by dis- 
solving collodion in an organic solv^eni, forming a thin layer of 
the solution and then allowing the solvent to evaporate. If. before 
the whole of the organic solvent has evaporated, the ir.emijrane 
is plunged into water, a comparatively permeable menfmane i> 
obtained, having a large average pore diameter. But i: the \% itole 
of the solvent is allowed to dry out, the membrane is hi-uhly 
impermeable. Northrop suggested that in these latter membranes 
the pores have disappeared, and that the membrane allows 
molecules to penetrate only if they are soluble in the substance 
of the membrane. Wilbrandt argued that "according to this 
assumption, the membrane would change its behaviour decisively, 
when losing the last part of the organic solvent. One would 
expect that this more or less sudden change would also appear in 
its electromotive behaviour, in the form of a discontinuity in the 
plot of potential against permeability. This, however, is not the 
case (as Fig. 50 shows). The transition from membranes witli 
large pores to those with supposedly no pores is steady’'. It is 
concluded that the transition from the very^ permeable, or wet”, 
to the impermeable, or “dried”, membranes consists of a gradual 
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traU"in»Ti Ml iiU’f irru.Tniulrxular spaces, the chanue thus 

rjU=s!vUtati\»% not quaiiiaiive. 

I fir tiPTi arises, what is the character of these inter- 

nr>‘a'i q>aer-s; lo iK^uiii %viih, they will be of two sons, since 
rxaiiihiauuns of dried colkdion membranes have shown 
Matthieu, that their structure is built up on a basis of 

ua’idriui arranufuiieiits of microcrystals of nitrocellulose. There 



c.c. HCi 


i n, Kriaiii'nship Ijftueen permeability to ions and e.m.f. across collodion 
ibianrs of varyiisg pctrosity. e.m.f. in the system 0-lA/KCl:mem- 
.e .o^d.ilKCl pk*ued against equivalents of HCi diffusing across the 
in s hc-urs, in the system HCI : membrane : ^vater (modified from 


will thus be 1 spaces between the micro-crystals which will be 
of one character, and 2 spaces between adjacent molecules in 
the micro-ciysials which will be of rather different character. 
Some substances will be able to penetrate only those spaces 
Wtwren the micro-crystals and others will be able to penetrate 
aim the crystal lattice of the nitrocellulose. It seems a reasonable 
liy|x>ili€sis that ions will fail into the former group of substances 
and that very small molecules like hydrogen, or solvents for nitro- 
celluic^ such as butyl alcohol, will be able to penetrate the lattice 
also. Thus the collodion membrane resembles membranes of silica 
glass, which is aim ccHnpc^cd of minute crystals: the larger gas 
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molecules, such as nitrogen and argon, can penetrate between the 
crystals only, but the smaller molecules, hydrogen and heliuin, 
can also penetrate the crystal lattice. 

Evidently, in dealing with ions, the spaces between crystallites 
will be of predominant importance. The disposition of the electrical 
charges of the molecular dipoles of a nitrocellulose chain is such 
as to give the surface of these interspaces a predominantly 
negative charge. To this effect must be added the action .if the 
negative charges of SO 3 and C0.7 groups present. “An adsorption 
of anions on these surfaces is not to be expected. On the other 
hand the negative charge of the -surfaces may be proven, act 
only by the sign of the concentration potential, but also by the 
direction of electro-osmosis across the membrane, or cataphoresis 
of collodion particles. The electric field, which counteracts the 
entrance of anions into the pore, is established . . . by the mernfjrane 
itself. ... So within the total area of the pore there will be a certain 
fraction, due to (the repulsive action of this field . . . into which 
anions cannot enter, while cations can. The extent to whidi. car 
to this situation, the apparent average mobility ot' anions in the 
pore is decreased relatively to the cation mobility, therefore 
depends on the ratio of this fractional area to the total area of the 
pore. Hence the concentration potential depends on the size of 
ihepore'' Wiibrandt. 1935 . 

Utilising such ideas as these hrouaht forv.ard by Wiibrandt, 
Teoreli (1935) and Meyer & Sievers ItKjH mr/f* fim: arle to 
put certain aspects of the problem of potentials drvelopt-d 
porous membranes into quantitative form. This involve? trratin^^ 
the membrane as an electrolyte with certain ions those fixed to 
the membrane structure/ having zero mobility. Meyer & Sievers 
have also considered (1) the fact that pores of less than a certain 
diameter will admit certain ions but not others called by them 
the “sieve effect”) and also 2. that the different ions may have 
different partition coefficients between membrane and water, due 
to the different Van der Waals' forces, etc. of the ions. Let us 
consider a simple case of the potential arising when rwo soluiioiis 
of NaCl, concentrations Q and Co, are separated by a membrane 
containing a concentration A of immobile anions. Then, when ions 
have diffused until the steady state has been reached, the distri- 
bution of ions in the membrane will be that shown by Fig. 51. 
Since there are fixed ions in the membrane, there will be Don nan 
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potentials and in the membrane to be considered 'see 
Chapter in arising at the !x»undaiy between the membrane and 
solutions 1 and 2 . So that the total membrane potential 

£=£,-£,-n, 


where II is the diilusioii potential in the interior of the membrane; 
all these potfunials can be calculated. Teorell gives the results 
shown in Table XL\TI for the case in which A = l, C^ = and 
is varied. As C\ is diminished the net potential E becomes 
ney: alive, reaches a limit and then in still more dilute solutiom 
!K?comes positive again. This type of behaviour has been observed 
with lr«>g .'^kin l>y several observers. 



(Xa'^'andCl ) 


tiM. r?!. Disiribuiion in the steady state of ions in a membrane separating 
%<>iuti<5ns i>f NaCl, concentrations Q and The membrane contains a 
nuird^er immobile anions. 


TABLE XLVIL Potential between two XaCl solutions of co.v 

\ C\ VARIABLE, SEPARATED BY A MEMBRANE FOR 

' a J-=L MOBILITY RATIO Na:Cl = 0*63 (Teorell) 


C , 

Ikinnan term 

Diffusion term 

n 

Total potential 
difference 

IIWI 

a 

0 

0 

in 

h’2 

- 13-2 

-12 

5 

2-'2 

- 17*4 

- 15-2 

1 

12 2 

- 26*4 

- 14-2 

0=5 

22-2 

- 29-4 

7*2 

(>•1 

58-0 

- 31-6 

- 1 - 26-4 


Vk e may say in conclusion that the theory of diffusion of ions 
across a porom membrane has reached a very promising stage 
and it is just pcmble that bio~elcctric potentials are to some 
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extent similar to those across porous membranes. A good deal 
more work is necessary’, however, before the precise signilicaiice 
of certain of the constants in the equations of Teorell and Meyer 
& Sievers can be determined. 

Other difficulties in the application of such theories to biological 
tissues have been raised by Keys : “A major difference 

between artificial membranes and the more important animal 
membranes is in the thickness. Collodion membrant^s are seld^jni 

less than 100 /x (0*01 cm. j in thickness The membrane^ oi the 

capillary wall, the alveolus of the lung, the villi of the iniestiiie. 
etc. are so much thinner — of the order of at most a few microns — 
that it seems doubtful whether they are comparable- Certainly 
TeorelFs postulates cannot apply to the plasma membranes of 
cells, which are probably at most a few molecules in thicknes.s. 
Furthermore most of the animal membranes which may be tliick 
enough to come within TeorelFs scheme have the complication 
that the thickness is made up of living, i.e metabolising, cell 
substance.*’ 

With regard to the last of these points, we can say witli 
assurance that in so far as metabolism contributes to the potentials 
measured across frog skin, for example, the potential due to 
metabolism is an additional factor, to be added not necessarily 
algebraicalhy to the potentials predicted by the theory of 
Wilbrandt, Teorell and Meyer 6c Sievers. It is quite certain that 
the latter potentials will exist across such tissues, and the problem 
as to how far the observed potentials are due tu tnetaTinisrr: and 
how far to simple physical processes remains tu be soiled. In the 
case of comparatively porous systems, such as the capillary 
membrane, the thickness may be raised to the order of a micron 
due to the unstirred layer of water adhering to the wails ot’ ilic 
capillary, as may be seen by microscopical examination.* Teorell 
(1937) believes that when this unstirred layer is considered, a 
layer of sufficient thickness is provided for the diffusion potentials 
to develop. In so far as this is true, the water layer itself must 
contribute to the membrane potential in a way characteristic of 
water, not of the membrane. Thus the obseiv’ed potential will fall 
between a membrane potential and an ordinary liquid junction 
potential such as is found in the absence oi a membrane. 

^ Such observations must be utilised with caution, since it is knot^Ti that there 
is a rapid flow of fluid through the capiilaiy pores. 
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With rruard to thf‘ pLisma membrane, Teoreil •.1937 thinb 
'"’lip* ('nhcept tile plasma membrane being’ only a lew 
iiiolecuit^. thic:k i-. more of *morphoiogicar significance than of 
luiiciiuo,;!: ii'the aeiual membrane consisted only of a monolayer, 
if. n\'e‘ thickness in regard to the effect on diffusion across 
i! !A much Greater owing to the presence of unstirred layers 
oi ihe surruundiin? solutions, one on each side of the membrane. 
Ihese 'iinsiirred layers' are bound to exist due to pure hydro- 
dynamical reasons. Working on plain, very thin cellophane 
niembrvuies, I have found that the average thickness of the 
uns!irrr<i Ia>c‘r was around 30 /i even at very vigorous stirring of 
the bulk solunt»riS. Dr Schulman and I have recently found that 
ther^‘ a riiiid lay er of the aqueous solution underneath 

mon«>nckecular films, of the order of 20-30 /x. These observations 
sugirest liiat the effective thickness of biological diffusion layers 
can liardlv be k^s than a few microns.” With this view the present 
writers are in fundamental disagreement. We quite agree that 
under certain conditions there is an unstirred layer of the order 
of This layer, however, cannot be regarded as rigid: in 

fact we know of many instances in biological systems where 
flow occurs in a layer only 5-1 0/x in diameter, e.g. 
cyckwis in plant cells, blood flow in capillaries, so that it is very' 
doubtful whether the existence of unstirred layers greater than 
2-3^ in thickness are ever necessary to normal membrane 
fuiiction in biological sy'stems. In the case of the plasma mem- 
brane, which has a thickness of the order of 10~® cm., we have 
already seen that a resistance is offered to the free diffusion of 
most molecules Chapter vm . which is of the order of 10^ times 
greater than that of an equal thickness of water; e.g. the plasma 
membrane oilers a resistance to free diffusion of the order of that 
due to cm. of water, so that it is hardly to be supposed that 
an addition of a few p of water will make much difference to the 
ofc^iwed resistance. We regard the high resistance to free diffusion, 
offered by the plasma membrane in a thickness of the order of 
10'® cm., as one of the most fundamental properties of the plasma 
membrane, one representing a highly efficient adaptation of 
membrane properties to the function of maintaining the normal in- 
terior composidon of the celL That the resistance to free diffusion 
is located in such a thin layer is probably also essential for the 
phenomena of excitability and conduction of electrical impulses. 
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THE INTERPRETATION OF POTENTIAL 
DIFFERENCES ACROSS OIL LAYERS 

When nvo aqueous salt solutions of different concentniiion or 
different composition are separated by an oil layer, a potential 
difference may be detected across the oil layer. I iiese potential 
differences have been studied intensively by Beutner et ai i!iL*f“ 
1931 and by Baur et al. 1913-1923 . 

If a neutral oil such as paraffin is used, the prjieirJa-s \L::i 
inore;anic salts arc very low. If, however, the oil is acidic ir: 
character, c.g. contains a phenol or a fatty acid, a substantial 
potential difference can be found. Table XLVIII shows potentials 
obtained by Locb & Beutner (1913) for the system: 

saturated KCi gaiaiacoi-foleic acid KCl, variable concentration. 

The oil layer behaves as a preferentially cation-permeable mem- 
brane. If, on the other hand, the oil is basic, containinir e.u. 
toluidine, it behaves as a preferentially a.nion-perr:iea’ !?• mem- 
brane. Extensive studies have also been made on the s\>tern: 
0*1 M NaCLoil OT MX, where A’ is an electrolyte other than NaCL 
For example, if the oil is cresol and A'= sodium oleate, the poteniial 
is 100 millivolts; if A^= aniline hydrochloride, the potential is 
reversed in sign, and equal to millivolts. Beutner and his 
colleagues ha\'e shown that there is a correlaiiun between the 
staining reaction of oils and the nature o:‘the potential deve!o:j*m 
across them; ‘‘cation-permeable*’ oils are in.b.Vvd 

by basic dyes, and “anion-permeabie’’ oils by acid dyes. Trie 
correlation extends to a parallelism between the intensity re 
staining and the magnitude of the potentials developed. 

TABLE XL\"III. Changes of potential with variation rn KCl 

CONCENTRATION IN THE SYSTEM SAT. KCl GUAI ACOL — OLE IC ACID KCl 
VARIABLE CONCENTRATION 

Millivolts 

Changing from 0-5 A/ to 0-1 A/ 2S 

„ „ 0-1 A/ to 0 02 A/ 2S 

„ „ 0*02A/toOtK>4A/ 32 

All the measurements mentioned above were made with layers 
of oil several centimetres thick. Danielii 1936 . devised a method 
of forming thin films of oil, which in the presence of proteins are 
stable for days. The technique is similar to that of blowing bubbles 
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hi air, \uiii thr snap solution replaced by oil and the air replaced 
i)\ \%.itfT . Ihe^e films are much thinner than anv oil 

ki\n>. used, but arc still much thicker than'cell 

ihrinhrane^. K.S.Coli? personal communication;, from some 
iinpedanct* measurements, has concluded that such 
wlien formed of triolein are several hundred molecule 
ilatk. I iif difficulties in making thinner films are the hitfli 
’riHOovitv lound with sufficiently insoluble oils, and the fragilitv of 
suih tilnih when large in area. Fragility sets a limit to ihinnins- 
\j\ l lowina the bubble larger, and thinning by draining 35 



I'r... Meih<3d of making a thin oil film between 
two aqueous layers (Danielii . 

extrenielN slow process with a viscous oil when the thickness falls 
bdo\\ 1 fi, owing to the high \-iscous resistance to flow, which 
increases roughly as the inverse third power of the thickness of 

I he film. 

Uiibrandt 1035 has studied such films and has found that in 

addition to the usual potentials there are some curious transitory 
changes in potential, which appear to be due to the spontaneous 
breakdown of a whole oriented monolayer, which sweeps away 
the ionic atmosphere at the oil-water interface. This observation 
has been confirmed by Teorell (1936). Dean & Catty (1940), 
using a similar technique, but with oils of much lower viscosity 
and specific conductivity, have found many interesting pheno- 
mena, which may or may not be very closely related to biological 
problems. It is very doubtful whether results will be obtained 
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which we may say with confidence are analogous lo the lii di- 
electric potentials of cell membranes until much thinner films are 
used, made of oils of specific resistance between and ohms, 

and of a viscosity 10-~10^ times that of water. 

Beutaer considered that these potentials are phase- lx)undaiy^ 
potentials, due to the variation in partition coefficient of various 
ions between the oil phase and the water phase. For example, in 
the system: 0*1 A’' XaCl oleic acid O-OLV XaCl, since there is no 
organic cation in the oil phase, the oil-water partition ccxiticieiit 
of Cl” is very low, and its concentration in the oil phase may be 
neglected (to a first approximation,/. But, owing to the fat soluble 
anions supplied by the oleic acid, Xa"" has a significant solubility 
in the oil layer. Consequently the cell may be represem’*:; 
according to Beutner} as 


.VlOXaCI [Xa*] iXaJ XK^oXaC: 

h\queous; Higher Lo’^er Aqut-^.r 

Oil 

and this may be compared to the system 

Aqueous phase 

Ag Metai, A?NO.j 


i.e. the X^aCl solution may be regarded as similar to Ag electrc^de?. 
and the phase-boundary between the XaCi soimions and oil 
"produces electromotive actions similar to the phase-boundary* 
between Ag metal and the aqueous AgXOg solution. .. .An 
essential similarity of these systems is that both have a transirional 
layer in the centre between the two solutions of different con- 
centration'’ (Beutner, 1933 p. 221 j. To the present writers this 
appears to be an argument essentially by analogy’, and that this 
analogy is far from complete: for example, the XaCl solutions are 
compared with Ag electrodes. But the ion concentrations ill tiie 
Ag electrodes are the same on both sides of the ceil, whereas it is 
an essential point in the oil system that the ion concentrations in 
the (according to Beutner) comparable XaCl solutions shall be 
different. So, whilst agreeing with Beutner that the potentials 
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cihMT\rtl do iiiclnde a trrin oi' major importance due to the 
unr\?=!i ihituih^ii ^ it ions across the oil-water interfaces, we prefer 
nKiiM",!!d tip' afi;Ui'netit by analo*^\ and, in so far as it is possible, 
d#^tl leih cakuiations of the direction and magnitude of the 
pnif-nual are derived from the actual dispositions i.e. 

c ^^fu:rn!.rauon at.d mobility of the individual ions. 

Baur iut considered that the potentials were adsorption 
p^c,^‘ntiak, iiraiinc their origin in the adsorption of charged 
n.oleciiles aral ions at the oil-water interfaces. .Such potentials 
,01 wnl kntmii at the air-water interface see Adam. 193^' and 
nui\ considerabie magnitude. Potential changes are known 


Air 


X®©®®®©©®©^' 

W atei' 


Polai 


Fi .. tTL Oriented charged molecules at an air-water interface. 


oi over a \ olt due to the spreading of a monolayer at an air-water 
interlace. These potentials are due to the fact that the molecules 
carry fixed positive and negative charges; when in solution the 
molecules, and therefore the charges, are oriented at random and 
so cannot give rise to potentials; but when the molecules are 
adsorbed in a monolayer the orientation is to some extent fixed, 
so that the charges are arranged in a fairly definite way, and a 
potential results Fig. 53 >. Although Baur finally discarded this 
view, and adopted an attitude essentially similar to that of 
Beutiier, his original view' has not been altogether discarded by 
other workers. Recently Dean et aL (1940), on theoretical 
grounds, predicted that adsorption potentials at the oil-water 
interface could only be transitory, for around an oriented dipde 
such as C*=0 will collect an atmosphere of ions, predominantly 
negative ions around the positively charged carbon atom, and 
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predominantly positive ions round the negatively charged oxygen 
atom, so reducing the net orientation of charge to zero. It take- 
some time for the potential due to a suddenly formed adsorbed 
layer to fall to zero, because the ions required round the positive 
end of the dipole have to collect in the oil layer: it is difficult for 
ions to pass from water into the oil, and consequently the potential 
falls off slowly.* Dean &: Gatty (1940; have shown , 

by spreading monolayers at the oil-water interface, tliat whilst the 
potential due to such an adsorbed layer is transitory, it does not 
necessarily fall off too rapidly to be measured. 

We may consequently conclude that adsorption poteiuiais have 
little to do with the semi-permanent potentials observed across 
thick layers of oil. It would probably be inadvisable to discard 
consideration of adsorption potentials entirely, when considering 
biological systems, since in such systems we are dealing with 
non-equilibrium, i.e. more or less transitory states, almost 
exclusively. 

K. H. Meyer (1936) has suggested that the same esseniial trear- 
ment may be applied to oil membranes as to collodion membranes 
(see p. 219). This seems the most encouraging of the suggestions 
put forward for detailed treatment of potentials across oil layers. 
It is suggested that an oil layer may be regarded as essentially 
similar to solid membranes, except in the one particular that being 
liquid the oil layer has no permanent structure. Consequently 
[Ij there can be no fixed ions, incapable of diffusing: 2 there can 
be no sieve effect. Hence the different actions ch the diff'erertt ions 
must be due to differences [dj in their partition coerlicierit,-, .aid 
[b'j in their mobilities. 

Now consider the case of an oil layer separating two concen- 
trations C\ and Co of the same univalent salt in aqueous solution. 
Let Iji and be the partition coefficients of the anion and cation 
respectively. Then, when the steady state has been reached, the 
concentration of salt in the oil immediately adjacent to the 
aqueous phase of concentration C\ will be ^ /i4:, and im- 
mediately adjacent to the other side will be Co n iJK- Owing to 
these distributions of ions we obtain three potentials, as in the 
case of a solid membrane, one at each oil-water interface, and 

* At the air-water interface there is insufficient depth of hydrocarbon liquid 
behind the adsorbed molecules for the formation of a complete ionic atmmfdicre ; 
consequently the potentials do not fall to zero. 
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a Henrifr-oii dilTusion potential between the two concentrations 
01 iotss it; the oil phase. Hence the observed potential is 


/ . = . -1! - A', 


^ L /•■ ^ / J L F Fk -L\t a ^ L ij 

5' 
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wherr L 'k mobilities of the cation and anion in the 


oil phase. 

similarly, for two different univalent salts I and II of the same 
concentration the potential is 
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where Ik- = partition coefficient of cation of salt I, = partition 
€ot.^iTirient of cation of salt II, etc. When the tw^o salts are identical 
the eiiuation 3t>*5 of course reduces to equation (30-4). Meyer 
ciincludes that the permeability of an oil layer to an ion depends 
on a its mobility , '■}. its partition coefficient, [c] the mobilities 
and partition coefficients of the other ions present. The differences 
in mobility and solubility of ions result from an interaction betw^een 
the ions and the solvent, and in a liquid membrane there cannot be 
an ionic selectivity or sieve effect such as is found in membranes 
possessing structure. 

Th£ i^ikaiion of the theory of Wilbrandt^ Teorell and Meyer & Sievers 
to bioiogka! potentials. From the detailed treatment of Meyer k 
Sievers we may distinguish a number of special cases of particular 
interest to the experimentalist. 
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I' The same salt is kept on both sides of the membraiK\ ihe 
absolute concentration of the salt on the two sidt^ is varied arid t!ie 
ratio C'l Q is kept constant. Then if the potential difference is 
constant, according to Meyer & Sievers i.e. there are no 

fixed anions and cations, the pore size does nor chan'je wiili dilu- 
tion, and the partition coefficients of the ions do rr'it change uitli 
dilution for else the net effect of these variaiiles is to raric**! out , 

2 If in case Tj certain cations give rise to much Licfuer 
potentials than others, or certain anions are more edectice than 
others, then either the sieve effect, the partition coefficients or tire 
mobilities are responsible for the observed differences. 

3 If the potential difference is very' dependent on the absolute 

values of C\ and Co, w-hen Cj Cg is kept constant, then either the 
membrane contains fixed ions , and or the pore size and or 

the partition coefficient of one or more ions is <jreatly affected 
by concentration. 

Whilst these and perhaps other special cases present leatiires 
of great interest in the biological field, we doubt whether it is 
possible in the case of the cell membrane to arrive at a more 
satisfactory conclusion than that the potentials observed are due 
to one or more of several variables, without considerably more 
knowledge of the structure of the cell membrane than is at present 
available. In analysing the behaviour of an artificial membrane 
by the method of Meyer & Sievers it is dr:iw ir>jri 

large amounts of information from chemicai and X-rav r t-urces. 
Where the cell membrane is concerned sue:: inf >rTna:::..n is ni; 
just appearing on the scene. A further difficulty may arise ir >rn 
the dimensions of the cell membrane. It is an essentia! feature 
of the theory of Meyer & Sievers that diffusion across mv 
membrane interface shall be rapid compared with diffusion acro^v 
the interior of the membrane, since unless this is so the con- 
centration of ions in the membrane adjacent to a solution oi 
concentration C will not attain its equilibrium value. ( % / j /£. 
But, as is shown in Appendix A, the rate of diffusion across such an 
interface is, for the cell membrane, frequently much less than the 
rate of diffusion across the interior of the membrane. Applications 
of the views of Meyer & Sievers to the cell membrane must, 
therefore, be at best provisional. 

Surveying the results of experience with porous membranes and 
with oil membranes, it must be confe^ed that wre are sdll but 
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loiirhiii^ ««fi tnii'jr.', ot ihr knowledge, both theoretical and 
erv,-:!!:;' ^sliich is necessary tor the interpretation of cdl 
nrinfrara' [)ut?*ntial' 

bi(h:lectric potentials 

M inenibranes under normal conditions have a 

|»<4fntial acr«?s^ tlinn. due to the uneven distribution of various 
lotA uhit'h is characteristic of living systems. Sometimes these 
pcauni.iK are funuitous, being a form of waste product of vital 
acticii^ . the potentials are known to serve a useful 

puriMv-. In i.’Oth case> information may be obtained al^out 
ilif- |XTna‘a:uIitv >A xhv membranes concerned, by observiiuj 
the natural pcaa*niial and by causing this potential to change bv 
means of a carefully controlled modification of the ionic corn^ 
on one or both sides of the membrane. 

Studies have at present I>een mainly on nerve, muscle, large 
plain cells and frog skin. A considerable amount of work has also 
Ix en done on sucli membranes as the cuticle of apples Loeb & 
Ikiiinen ItdB: Fujiia. Michaelis, 1926) which is of more 
Lbmiical then immediate interest. 

Let first consider nerve and muscle. If contact at two 
ddferer.t uninjured points is made on a resting nerv’e or muscle 
no pHJieiitial ditference can, as a general rule, be observ'ed.* When 
the tissue underlyintr one electrode is damaged, a considerable 
fioiential difference is found between the Uvo points, such that 
the injured region is negative relative to the normal region. This 
is known as the injunn or resting potential. It is generally con- 
sidered that, as a result of the injur\% the electrode touching the 
injured region is in contact with the intracellular fluid, and 
theref jre iridi.mctly with the interior surface of the cell membrane, 
whereas ilte electrode touching the normal region is in contact 
with the exterior of the cell membrane. The variation in this 
potential when the exterior fluid is changed has been extensively 
studied, especially by Macdonald, Hober, Cowan and Wilbrandt. 
Macdonald iObo; used NaCl, KCl, HCl and NaOH solutions^ 
obsening their influence on the resting potential of medullated 
nen'e. His results arc complicated by osmotic effects due to 

Tim is not tnic of large plant cells, in which local regions may differ in 
mtmhrmt potential by as much as 30 millivolts. (Osterhout). 
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failure to use isosmotic solutions, but nevertheless it was 
that the resting potential is not much affecte^d by variation in Xa.CI 
concentration and is approximately a linear funriion of the 
logarithm of the K*" concentration in die bathinu iluicl: i,e. we 
can write, according to Macdonald, 

E = o*uo8 log ^ 7 . , . _ , :i 

where is the concentration of K~ in the ou!>ide iluid. and f :s 
the apparent concentration, presumed constant, of K" in ir,e 
interior of the nerve fibres. This, as we have seen aliove. i> 
equation for the diffusion potential between two KCI stdutions 
separated by a membrane permeable only to cations, bur in this 
case the membrane is even more selective, beinir practicalh 
impermeable to all cations other than Kd Consequentlv ^fac- 
donald concluded tliat the resting potential of nerve a diiriisirjri 
potential, and that the nerve membrane across whicia tliis pot?rn!:.il 
arises is non-aqueous and exclusively permeable bv K . Ii must 
be pointed out, however, that these conclusions were hardh 
justified, and in particular that the potentials, although a li itear 
function of log never reached the value demanded Lw tlie 

equation £ = 0-058 log C. C,. This has generally been p-jarded 
as due to short-circuiting of the potential differenc^^ iiv irner- 
cellular tissue spaces, but adequate pro u' cu' *::> d,.- u” 
obtained. 

Cowan (1934^ obtained essential-y ^imbar abb u : - 

medullated nerve of Maia, He used solutions :so>rrau:c a b:: 
water and varied the content, finding that the observed Lui.r. 
was, within experimental error, a linear function of log (.. 
(Fig. 54') . If the theory of Meyer can be applied to this membrane, 
it would follow that d =0, i.e. that there are no fixed ions in the 
membrane and that there is either a pronounced sieve eiTect, 
partition effect or effect due to exceptional mobility of K in thr 
membrane. Cowan found that the order of effectiveness in 
reducing the resting potential was K'* > Rb* > Cs'". It was also 
shown that potassium leaks out of the ncr\^e as a result of con- 
ducting an impulse, and that the amount leaking out is roughly 
proportional to the number of impulses conducted. This is clear 
evidence of an increased permeabiiiW to during, or as a 
result of, the passage of an impulse. Asphyxiation decreases the 
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■ IKitriitial in a reversible manner, and this is interpreted 
to mean that tlif:- permeability to ions changes. The decrease might 
duf^ w an itiereased permeability to other ions, or to a decreased 
pf*rinea.l>ility lo K'": the latter possibility is far more probable. 
\Mtti Main !ier\es are stimulated to fatigue, or asphyxiated for 
lonu, larue amounts of K'" escape from the fibres. Wilbrandt 
ha^ sh«>\vn that on stretching Afaia nerve the potential falls ofi'. 
Inn when the nerve is restored to its original length the potential 
is restored dso personal communication . 



r?r. The eifect of v'ariation in the potassium content of the fluid bathing 
M:u r;en e on the resting potential. The fluids were all isosmotic with sea water. 

Ollier workers have investigated other ions. According to 
Netter 11*27 , cations influence the resting potential of frog 
nerve medulla ted in the following order: 

K > Rb > XH^ > Cs > Xa > Li > Ca > ^ ; 

whereas anions have little or no action. Hober & Strohe (1929; 
reached much the same conclusion, Wilbrandt (1937) studied 
the non-medullated nerves of Maia, obtaining the series 
Rb > K > Xa = Li, which agrees with Netter’s results on frog nerve, 
except in the case of Rb. Anions were also shown to have a small 
effect on the |x>tential, in the order SGN >N 03 = Br = CL The 
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influence of SCX is about equal to that of Na, and tliat of Cl a 
little less. The dialkylamincs where ^ = slicmed 

two very clear-cut effects as the size <>i‘ the alkyl residue was 
increased. From dimethylamine to dipropylaniine the pueruial 
changes very little, much less than it would with the same 
concentration of K"**, but a little more than with Xa' . I lie activity 
falls off slightly on passing from dimethyl to dipropvl. But an 
passing to dibutylamine, and still more wiili d:a:;/.!.-aa.::a;. ihrre 
is a great increase in activity: the latter compound has am arii\ 
comparable with K~. These latter two amines are stricih 
reversible in their action within a reasonably short time. Sonie- 
what similar results were obtained with meduilated froir nerve, 
except that the reversing point is a little different: dimethyl and 
diethylamine have appreciable activity, dipropvl and dibinyl- 
amine have little more activity’ than has a non-electrolyte such as 
glucose, whereas diamylamine ^XH has a \'en marked 

activity. The final series of activities in affectinti the p*e.ential 
was Li = Na = choline = tetramethylaniine = di propy lamirir < di- 
methylamine = diethylamine < tetraethylamine < guanidine < di- 
butylamine < diamylamine = K < Rb. 

Table XLIX, taken from Hdber 1937 , summarises the ntsuits 
obtained with various organic substances on both meduilated arid 
non-medullated nerve. It is notable that all the substances ’a.hich 
are active on frog ner\'e are also active on crab r.erve. '-ut 
medullation apparently shields the tro2 nerv* i.arrf 

substances which are active on craij rc fc 

The conclusions as to the action of ions on the resiiiii : 
of nerve are in general similar to those reached on muscle, 
Hober (1905) obtained the following series for the activitv of 
different ions in changing the resting potential of fro«r muscle: 

Cations K > Rb > XH 4 > Ca > Mg > Xa > Li ; 

Anions SO 4 > HPO 4 > acetate > Ci > B > I > XO 3 > C.XS. 

Table L summarises results obtained with organic substances on 
muscle. The results are essentially similar to those obtained with 
crab nerve. With both crab neiv^e and muscle the observed resting 
potentials are less than would be expected for a true potassium 
concentration potential. For Maia nerve, the calculated |X)tential 
in Ringer is 66 millivolts, the observ’ed potential about 3<> milli- 
volts ; for frog muscle the calculated and oteer\’ed values are 73 and 
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42 millivolts respectively (Cowan, 1937; . As in the case of frog 
ner\T, the low value of the resting potential is usually attributed 
to short-circuiting. 

So far as nerve and muscle are concerned, then, we may say 
that the cell membrane has a preferential permeability to certain 
inorganic cations, but is also permeable to anions, thoueh 
apparently) to a much smaller extent. Moreo\er, amongst the 
cations themselves there are marked differences, Li ~ beinsr a little 
more effective in penetration than an anion, and havintr \ ery 
great activity^ Amongst organic ions, the same general con- 
clusions hold for such ions as tetramethy 1-ammonium, X CHg J , 
and acetate, which have relatively low oil-water partition cc> 
efficients: these ions have a definite effect on the injury potential 
which is much more marked in the case of the cations, and which 
decreases as the size of the cation is increased. The action of 
these ions with low’ oil- water partition coefficients is. like that of 
the inorganic ions, reversible. When the size of a type of organic 
ion is increased beyond a certain point, the exact point depending 
on the homologous series chosen, activity increases rapidly, more 
or less parallel with the increase in oil-water partition coefficient, 
and at the same time the action of the ion l>ecomes much less 
reversible. 

Concerning the nature of the resting potential a number of 
different hypotheses have bee;i The first oi’ tht'se, 

initially due to Ostwald IMMJ and Bernstein 11*^2 . ;♦ :ia:v. the 
membrane acts as a molecular sieve, and the,: the p:>:en*fi:h is 
essentially a diffusion potential. This view has been supported 
by Hober (1905), Michaelis (1926;, Xetter 1927 and lo some 
extent by Wilbrandt (1937). An alternative view Beutner, 1920 
is that the membrane is a homogeneous non-aqueous layer, and 
the potential is a phase-boundary potential; whilst Osterlioui 
(1933) agrees with Beutner that the membrane is non-aqueous, 
but considers that the potential is a diffusion potential. Thanks to 
the recent analysis of Teorell and Meyer, we now know that 
whether the membrane is porous or homogeneous and iipoidal. 
the potential will consist bf two potentials due to une\'eii distri- 
bution of ions across the membrane surface, with a diffusion 
potential operating in the interior of the membrane. If the 
membrane is porous, the selective permeability will be due to the 
pores being of such a size as to be permeable to the small ion K , 
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but !ioi lu ill** ions Xa", Ca , etc. If it is true that the 

nienibran?* rpiaii^'f'iy impermeable to small anions, the pores 
uibi' iMTTv a ne-4.itive charge to reduce the ease of penetration 
of .niion'- oiui as CT which are of about the same size as K"". 
Au-^rdiiu^ to the tlieory of Teorell and Meyer, under these con- 
ditions the potential should not obey a linear relationship when 
plotted against log [K~]. Since, however, the potential docb 
appear to oIkw this relationship, either the theory of Teorell and 
Mever cannot be applied to this system, the permeability to anions 
is greater than is generally supposed, or else the membrane is not 
porous. If, on the other hand, the membrane is homogeneous, 
then according to Meyer the specific action of must be due to 
selecTi\ e solubility and high mobility of in the membrane, and 
the |>otentia! \sill be proportional to log [K^]. The ions, such as 
C:s* and XH^ CHg which have a low oil-water partition co- 
efficient bill which to some extent resemble K^, will then have 
mme effect on the potential due to their being to some extent 
selective] V dissolved i; the ions such as (C 3 H 7 j 2 ^f^ 2 ? t^’hich are 
verv different from K"* in properties, but have still a low oil-water 
partition coefficient, will have no selective solubility and therefore 
liule action on the potential; finally, ions such as (CsHgp^XK, 
w'hich have an appreciable oil-water partition coefficient, will 
again be soluble in the membrane and will affect the resting 
potential. 

The effects due to the anions with rather high oil-water partition 
coefficients, such as laurate and oleate, are irreversible, and 
probably reduce the potential obser\^ed by cytolysis, i.e. a breaking- 
up or loosening of the structure of the membrane (Hober, 1937^. 

\\€ may then distinguish at least three ways by which an ion 
may arfect the potential acrc^ a membrane: (1) by virtue of its 
ability to diffuse, it may affect the membrane potential directly; 

. 2 by interaction with the polar groups and ions of the membrane, 
it may change the membrane structure and affect the potential 
indirectly; 3 by dissolving in the substance of the membrane, 
it may change the membrane structure and affect the potential 
indirectly. 

In view of the relatively unknown character of the nerve and 
muscle plasma membranes, we do not think that the study of any 
particular case has yet been sufficiently detailed to permit of 
distinguishing which of the numerous variables is concerned in 
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any individual case. Consequently, the only Icgiiiniate coiicIiLdon 
which may be drawn from potential measurements is that the 
membrane is selectively permeable to certain cations, oi which 
K" is the outstandingly important member. W ith regard to anions, 
ihe evidence is too limited to warrant any conclusions. 

During the transmission of an impulse the resting potential falls 
transitorily, and then as the impulse passes is restored to its iniii.il 
value, sometimes after several minor lluctuaiions known as *"aiter- 
potentials'k Lillie il923; suggested a theory of iranbiru> ion f.c 
impulses which postulated that this decline in the resting ponniiial 
was due to a transitory change in membrane permeability. As we 
have seen earlier in this chapter, such changes in permeability to 
ions have been observed experimentally by impedance studies. 
Cowan has showm that leaks from crab nerv e when stimulated, 
and Fenn (1937; found a leakage of K'“ from stimulated frog 
muscle, w’hich may be due to the increased permeability to ions 
revealed by the impedance studies. The identity in time uf tlie 
fail in membrane impedance and of potassium leakage has r.* >t. 
however, been established. Hill (1932^ has measured the htoa 
liberated by the passage of an impulse, finding that, when the 
heat due to the chemical processes of recovery is excluded, the 
heat per impulse lies betw'een oxlO"^ and 2-5 xlo^^ crirs per 
sq. cm. of nerve surface. Hill points out that this is onI\ about 
1^4000 of the energy of ar: olive-oil surface. Or. ii' we take irj: 
free surface energy of a typical ceil laeraiav.ae cyia/ pe: craa 
'Harvey & Danieiii, 193^s the energy per :n.pai-e e-:,/. cf at 
boO of the free surface energy of the menibrane: i.e. if the etea 
of the surface w*ere decreased by 2’h, this amount cf heat w cu^d 
be evolved. The heat evolved by disruption of the ixieiribrar.e 
would be at least twenty- five times larger than this. Consequeirh} , 
as Hill points out, these figures seem to preclude a complete 
breakdowm of the cell membrane. The same conclusion may be 
reached from impedance studies, for although the nen e rneirbrane 
resistance (of a squid nerve; is reduced to about 1 of its resting 
value during the passage of an impulse, the minimum specific 
resistance of the membrane is still of the order of 1*/^ ohms, 
compared with ohms for A’ IM KCl. 

Large Plant Cells, There are a number of large plant cells, e.g. 
Nitella, Valonia and Halicysiis, that consist of a cellulose wall inside 
which is a thin layer of protoplasm about 10 p in ihickne^. 
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■ a ^fTitral xahuuU: filled with sap. Valonia and Hdinsii, 
are more i>r u'loliiilar. and reach a diameter of several 
rtTitiiiieires. XituLi iorm^- relatively slender rods, which may, 
liowewr, Ik* -everai inches in length. These ceils have been 
t^\,lrnnvKl> investiuated !)y Osterhoui and his colleagues lim, 

. Ivpical iia*ihods of study are to place electrodes at the 
f'lids oi'a cell and kill the protoplasm at one end, thus 

rsia ill bill Ti'i^ ccnitact with the sap; or to impale a I alonia cell on 
n rapiilirv, through which electrical contact is made with the 
cad! sap„ In the rase oi H alky Ais two capillaries may be inserted 
and the -ap replaced by other solutions. When the same solution 
is present on i oili >ides of Halkystis protoplasm, a negative 
a'‘\ nnuetr\ OMrential is ’ound of about 70 millivolts when sap is 
preseti! eiii ’noth sides. It is changed to a potential of 30 millivolts 
of the opposite sign when sea water of pH 8-1 is present on both 
sides of the mcTiiijrane. Sap is very similar to sea water, except 
that its pH is al^out 5-0. With Xiiella, the asymmetry potential 
with sap Intih sides is 15 millivolts negative, and in Valonia 
05 nn!li\olts positive. Blinks has shown that these potentials fall 
oi! in the absence of oxygen. If contact is made at two points on 
the surhice of a Miellt: cell, as with nerve the potential difference 
k^tween the two points is very sensitive to the K~ concentration 
!«u! not to die Xa~ concentration. Thus, if the potential is first 
measured witli -V l«Xl KCl at one point, and then the KCi 
concentraiioa is lowered to A' lOCM), the potential changes by 
55 millividis. If we substitute this value in the equation 

putting the apparent mobility' of Gl~ (Uj) — 1, we find the apparent 
mobility of K' f i =S5-5. In the case of MaCl solutions we find 
the appareni relative mobility of Na"^ to be 2. For Valonia the 
ratios are K" = 2u, Xa^ = 0*2, C1 = T0. Thus the protoplasmic 
surface of these plant cells responds in the same selective manner 
to K* as do the excitable cells of animals. From these apparent 
mobilities the potentials obtained wdth mixtures of KCl and N'aGi 
can hr calculat«?d and agree to within 5-10 with the obseiV’'ed 
values. The selective reaction of the cell membrane to may 
readily modified- Osterhout (1936) found that in the presence 
of N KM) guaiacol, the mobility of in the membrane falls and 
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that of rises until the latter becomes the larger. In the case 
of Mtella, which usually grows in pond water, containing some 
calcium, washing with distilled water or XaCl solution removes 
a substance which appears to be responsible for the abnormal 
apparent mobility of K“, since, as a result of washing, the 
mobility of K~ falls to the same value as that of Xa * . and the 
excitability is also lost. Either or both of the excitability and hmh 
mobility of may be restored by adding the substance 'wliicii 
was washed out, or by X’H^Cl, X Etj Cl, guanidine, adrenalin 
and ephedrine. Substances present in blood, urine and saliwt 
will also restore the irritability^ and Osterhout suggests that the>e 
substances may be responsible for the irritability’ of muscle and 
nerve. 

Meyer & Sievers (1936) have attempted to apply their theorv* 
to these large plant cells. With A'itella, Osterhout & Harris 1929 
obtained the results shown in Table LI. The potential difference 
in the case of the protoplasmic membrane is very dependent o:i 
the absolute concentration, and so it is suggested that the proto- 
plasmic membrane must contain high molecular weight acids 
which provide fixed anions. With the cell memlnane, on the other 
hand, the effect of concentration is much less and the potential 
difference may perhaps be due to the sieve effect. 

TABLE LI. The effect of conuLntration on th 
DES'ELOPEIj by mlmbr \nl 

c:‘ KC. 

Cell membrane 

U-Ul-U-tiHi 

Protoplasmic membrane 0*1 — U-Ml 

u-ul— uwl 



On the other hand, the potential developed across Va-onia 
protoplasm when different concentrations of sea water are placed 
on the two sides is practically independent of concentration 
(Table LII). The e.m.f. may be calculated from the equation 




2RT, 

- log 




so that ^ = 0, and the potential (according to Meyer & Sievers 
is exclusively a sieve effect and is due to the larger cation Xa 
being held back by the pore size more than is the smaller 
anion GF. 



IMPLI.'AM. h AM^ POTENTIAL MEASUREMENT^ 

H«mr'vrr. \%iih thu^r plain cells, as with nerve and niu^ck,*. tiie 
oiih i oiu'Iumml drav, !i !roia poiential studies which appear- to 
beiMiiil riisjcur is that the membrane is normally sliglK]^■ per- 
and to callous, that normally the menibrane 
1 - !“ K' a deuree which implies some specificitv in 

!i;e teli iiaTiifiraiie, and that in some cases the addition or 
HibUattioii «,a' suhstante> to the cell membrane will reduce its 
i^'rnvMiTliiv to K lo roudily the same value as to Xa". 

I \HLi. Lil I iii 1 hasgl- is potential across a MEMIiRA^^ fjx 
I',; WHtS hlTlERLST CONCENTR ATION.-: or 

% i i K h ^ ; li I a i ■- >’* ' L< L T 

I. .i, t :.:i .c I ■ :,:5 v. aier Millivolts 


I 


]7-3 

l-tl 


19 

ntiT 


19 


Sim Potentiah. if the same Ringer’s solution is placed on 
both dde,^ of a frog-skin membrane, a potential of some millivolts 
1 ,^ found ijeiweeii the two sides. This potential has been the subject 
c’l niai.v iicaoii jaiions, but it cannot yet be said that the results 
any particular due as to the permeability of the membrane. 

I i;i- i> hardly surprising for, as we have seen, even in the case of 
-inale cells such as the large plant cells, or in the case of arrays of 
siiriilar cells, such as is found in a nerve trunk, the interpretation 
of the potentials observed is still in its infancy. Frog skin consists 
oi a large number of different types of cell — smooth muscle ceils, 
Ci>iiiractile melanophores, cells whose chief function is to provide 
a:ri inert outer surface to the skin, other ceils whose chief function 
is secretion of various products, capillary endothelial ceils, etc.— 
and these cells are arranged sometimes in parallel, sometimes in 
series. The membranes of these different types of cell are probably 
ail differeni, and probably respond in different \vays to the same 
change in their environment. In presenting the following data, 
therefore, we do so not with any hope of an immediate inter- 
pretation, but rather to exhibit the complexity of the experimental 
r«ults. 

Dead fre^ skin has been examined by Amberson & Klein (1928) 
and Motokaw^a (1933) and found to behave like an amphoteric 
membrane, preferentially permeable to cations when dissociated 



AND PERMEABILITY 


241 


as an acid in more alkaline solutions, and to aiiioiis when 
dissociated as a base in more acid solutions, . 

The behaviour of living frog skin is in most respects quite 
dilTereni from that of the dead skin. It is not greatly affected by 
variation of pH between 7-6 and 8-G. When Rintrer is present on 
both sides of the skin at pH 8, the potential across the skin is 
about —40 millivolts (the inner side of the skin being conddered 
as positive,. Change of outside the previously iri^u/Lioric^d 
limits, or replacement of the Xa^" of the Ringer by Ca ” . ‘ , 

XH7, Rb“ or causes a fairly reproducible lall of poieiKial to 
a value a few millivolts positive, whilst K”' reduces the poieiiiial 
to zero. The latter observation is most important, since we have 
seen for simpler systems that this is a characteristic effect of K ^ on 
cell membranes; furthermore, as in the case of cell membranes, 
greatly reduces the electrical resistance. The potential is also 
dependent on respiration. These three facts alone are probaidy 
sufficient to locate the site of origin of the poieniia: ar iiie 
membranes of the various cells present. Since the membra ne.^ of 
the different cells are probably different in their electrochemical 
behaviour, giving the total membrane a mosaic character. c|uanti» 
tative theoretical treatments, such as have been used by Osterhout 
for plant cells, cannot be applied to frog skin. 

When Ringer is present at the inner surface and greatly diluted 
Ringer at the outer sunace, the poterttial is lower w::h 

Ringer at both surfaces. Aceordir.g tf> De.a: rc :: 

may reach values of —30 or —40 millivolts v.ber. X.. > 

from the dilute side. When a sodium-free soiutioit is repiaCLd b%‘ 
a sodium-rich solution, the potential rises fairly rapidly to a 
maximum, more positive value, and then fails off more slow ly to 
a final potential which lies between the initial potential and the 
maximum potential. Dean & Gatty, and Hashida 1922 , give 
results for a number of other cations and anions, which in >ome 
cases conflict. 
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THE LME' I' *jF narcotic SUBSTANCES 

Alt'-ork u reversible decrease in the reRinif 

p«iirn!i«d rc’-T cfTve an ireauneni with chloroform and ether 
•.apinTi^t these a.iai ‘.»ther results he interpreted as being- due to 
an iia r?- ptTiueability of the tissue to ions. Galeoiti ic 
iJi Ontiiiu bdo o!)5erved that local narcotisation of rriU>de 
l aiisr.’,- file so irtTited to become negative with regard to the 
rest Hi' the imi‘‘Ch-*: this etfeci was never completely reversible and 
i: uHuld si-em that the edect is similar to the irreversible damag-ing 
of iiiua h‘ fiv cmiiiig it, etc. Hober ,1907, on the basis of the 
“"'uii etfects” concluded that narcotics decrease per- 
TU^^abiiif^ aitd he attempted to relate the activity of narcotics 
\\lxli their activity on colloidal systems. 

Lillie, in a series of papers see his monograph, 1923, , developed 
the theory which has come to be known as the “ Permeabiiitv 
llieory of .Narcosis on the basis of measurements of changes 
in apparent permeability and physiological behaviour. Lillie's 
indirect studies were on Arenicola larvae, and he obsen^d a strict 
paraaleli'i:; between the action of narcotics in preventing con- 
traniort of the body wall on transference of the worm to pure 
S' diuni-chlo.dde solution, and in preventing the escape of pigment 
tinr.i the larvae, which occurs at the same time. Similarly, studies 
on rtie ibrniation of artificial fertilisation membranes in Asierias 
eggs led Lillie to believe in the close connection between per- 
mealjiliiy changes and narcosis. Lillie’s view was that a narcotic 
lerids to prevent a rise in permeability which occurs during 
activity, and it does this in virtue of its accumulation in the lipoid 
phase of the membrane. Thus a narcotic will, according to this 
view, decrease the irritability of a tissue, since irritability is 
associated with the power of the cell membrane to become more 
permeable on stimulation, and furthermore, it will tend to have 
an anti-toxic action against substances which normally cause 
cytolysis. 

Passing now to more direct studies of the effect of narcotics on 
permeability, we may first consider the permeability of various 
ceils to water. Winterstein (1916) measured the rate of increase of 
weight of frog sartorius muscles in hypotonic salt solutions and 
concluded that the rate of increase, i.e. the permeability to water, 
w^as smaller when alcohol was added. For example, a muscle in 
0*35 sodium chloride showed an increase in weight of 32*3 
in 1 hour, whereas a similar muscle in 0*35% sodium chloride 
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4-4 “o ethyl alcohol increased in weight by only 22* , in ibe 
time. Winterstein also constructed artificial ceils by cfn erini^ the 
ends of glass tubes with abdominal muscles of frogs: by placioi: a 
salt solution inside the ‘'celF’ so formed and placing the latter in 
hypotonic solution, the migration of water acro-'S the muscle 
could be measured by weighing the ceil. Mitrraiioii of sait> was 
measured by analysis. In Table LIII a typical experimerit 
shown, and it may be seen that the fi , ethu alcohol exerted a 
reversible inhibitory^ action on the permeability to 


TABLE LIII. The effect of alcohol on the an o*:, n ^ t v 


through the abdominal muscles of frogs 

“Cells" filled with 


WlN'TEK^TEIN. 


0-7% XaCI-rfi vol. % 
alcohol placed fur 
1 hour in disiilied 
water t < tutainins 
il vol. alcoiiol 



o 


Water intake 

14 

Diffusion of salt 

M 

Final concentration of XaCI 

O-fiS 


l-n 

s.fCT 


.'\t the end of this experiment the muscle membranes of the ‘‘cell.r* 
placed for 50 min. in 0-7 NaCl. Both cells were then filled \\ith e Xaf I 
and placrd in distilled water for 1 hour. 

Water intake "■! 

Diffusion of salt * m 4 

Final concentration of XaCl ► c ' , I 


In Table LI\^ are shown some of Liil ie‘s iPl^ r -wd:- 
permeability of Arbacia eggs to water. Lillie found tliat w i.t rvas 
narcotics do not decrease the permeability of these eggs to water 
when placed in diluted sea water, these substances do prevent 
the increase in permeability caused by fertilisation of the eirgs. 
The table compares the concentrations of various narcotics 
required to prevent the increase in permeability on fertilisation 
with the concentrations required to prevent cleavage of the eags, 
and a strong parallelism is evident. Lucke i 1931 also found that 
in diluted sea water narcotic substances only caused an irreversible 
increase in permeability to water; however, if the penneabiliiy 
to water is increased by placing the eggs in a non-electrolyte 
medium (Chapter x), it w^as found that substituted urethanes 
(carbamates) caused a reversible decrease in permeability. The 
work of Lillie and of Lucke demonstrates a very interesting fwint 



24 !H IHL Il'Irt, r> i*V XAHCOTIC; substances 

in that it - that in its normal unvironineni the Arhada 

io wairr is uninfluenced by narcotic subsiances 
excf'pi n,»r ii chanues when toxic concentrations are 

u>ed , hot lii.o wiien the permeability is increased, either bv 
reijltiitiT trie water with a non-eiectrolyte medium iji hv 
lenilivitiotL narcotics are then effective in retarding the rate 
oi' ueti'eraiioti oi' water. 

I ABU- Ll\. C. i.w!e.\RU<-iN or the concentrations of certain 
\ ; n>. T r„ - Klnl :RLD to prevent the increase in PERvr.,. 

hn;n ir:i ra.-,' tu water following fertilisatio.n 

UITH IHY . ‘N Ml r •: ? S A R V TO INHIBIT CELL CLE\V\f£ 



C oncentration to 
pret ent increase 
in permeabilit\- 
due to fertilisation 

Concentration lu 
prevent cleavai^e 
of fertilised egtis 

t hl'iral h% dratc 

ca. 0*2 °Q 



1 In sat. M-kj 


akuhnl 



Etiiv! alcuhol 

no 

•' o 

so 
" o 

’aPtea] a]i 

ao 

- 






ca. U'4°o 





h-2-b4% 

0-5-O-fj 0^^ 


l iie influence of narcotics on the permeability of the ox enthro- 
evte ir> water has been studied in a satisfactory manner by Jacobs 
& Parpart 1932 , and they have shown that the inhibition of 
osmotic haemolysis by narcotics, observed by many workers 
previously, is due mainly to a change in the critical haemolytic 
volume oi' the cells rather than to a decrease in the permeabilitv 
to water. This point is made clear by Fig. 55, in which the 
percentage haemolysis of ceils in 0-09 M sodium chloride with 
and without c»'3 J/ ethyl carbamate is plotted against time. The 
curv es show that the ceils to which the carbamate had been added 
haemolysed to a less extent than the untreated ones; the com- 
parative rates at which haemolysis occurred initially are apjparently 
not markedly different, so that the influence of the carbamate on 
water f^rmeability is ver\' small, if there is any influence at ail. 

With regard to the permeability of cells to non-electrolytes, it 
appears that inhibition by narcotics is not so general a pheno- 
menon as was originally thought. Thus Katz (1918) was unable 
to demonstrate any effect of heptyi alcohol or of thymol on the 



ox PERMEABILITY 


24!« 

penetration of glucose into human cells. Lullies l‘j25 states ilmt 
iif>butyl carbamate tO'Oo to 0*02 ”>.1/ , phenyl urea . 

heptyl alcohol 0-017 and propyl alcohol 0*4! .U decjea^f* 
the rate of penetration of glycerol and ethylene ulycol iht‘ 
leaf cells of Tradescantia discolor. The narcotics had no riieasuraljle 
effect on urea penetration. Lullies used as his criterirm m [pene- 
tration the de-plasmolysis technique of Fitiinu ItOo . ar^d 
results are not above criticism, since the conceiitrati^Ui' 
narcotic which were effective were very close to 
produce toxic effects; it is quite possible that the narcotic^ 



Jacob' a: ibiryj-a-:. . 

an escape of salts from the plant cells, thereDv dela\:!.:, t:;.': 
de-plasmolysis. Lepeschkin 1911 found that the perrneaLiliry c 
Spirogyra cells to methylene blue and methyl green was diirara.>hepd 
by narcotics, whereas with the lipoid soluble dye, Bismarck 
brown, no effect was observed; this author thought tliat narcotic 
action, so far as permeability diminution was concerned, v.a^ 
only found with lipoid insoluble substances. These results were 
not confirmed by the investigation of Ruhland 1912 . wnilst 
Collander (1921) brought forward evidence which tended i :> 
confirm them. 

Anselmino (1928) has shown that the permeabiliu oi coUcjdion 
membranes to glucose is decreased by 0*1 M amyl alcohol, n-ttl M 
phenyl urethane, and 0*1 iso-butyl carbamate; in general the 
concentrations at which different narcotics w^ere effective were 



i m, s n i- 


,y .N ARt. 


C SCBSTANCES 


iuch .ts K' -iv S!!'- ^*'"'^■'■>“.1-'' of the water-air imen’acial 

! \il' .la'hur viewed the process of narcosis as a bkickirnj 
(Viw.r”-, the t .e.oiic. Anselmino & Hoenig litSO extended 
tii.-e oti artificial membranes to the eryt'nrocvte, 

I he [ieriiiea'oiliiv u! tlii^ ccli lo L'lvcerol was measured by deter- 
nihiik' the rate of haemolysis in 2 3 molar solution the haemolysis 
K-ditiioue ; tiie penetration of crythritol, arabinose, xylose, 
dsiMee and mannose by the change in volume as measured by- 
die haematCKTite, l lte retarding effect of varying concentrations 
nf rti-Ai. pitipvl and butyl carbamates on the time of haemolysis 
huma!! .;eHs in pure idycero! solution are quite striking. The 
( •b-i f- '!;e other -ubsiances studied were very much smaller, 
but •' -in du. iM>-. I'i.e hoinolotious alcohols behaved in the same 
■A.o the urethanes. Jacobs & Parpart i.l937: have extended 
the inwstic.iiions of .\nselmino & Hoenig to a large number of 
species and to the study of different substances. In a preliminary 
report of their findings, Jacobs & Parpart state: “The present 
studv. itnolvini' the erythrocytes of a number of species of 


tniin'intah and of some other vertebrates, shows somewhat more 
c mmiicated conditions than those brought out by Anselmino & 
Hiyniu . I hus tvhile v-butyl alcohol in concentrations from 
oul.jtj.l/ to <t-2o.\/ may greatly decrease the permeability of the 
.■ry throevtes not only of man bj^t also of the rat, rabbit, guinea-pig, 
itround-hoa. and several birds, the opposite effect is obtained with 


the erythrocytes of the ox, sheep, pig, horse, dog, cat, and several 
reptiles and fishes. In general these two groups of species are the 
same as those already distinguished by other properties of their 
ery throcytes see Chapter vin:. In several cases involving de- 
creased permeability, the order of effectiveness of a series of 
alcohols is: methyl < ethyl < propyl < butyl < amyl. With erythro- 
cytes of the ground-hog, the effectiveness of n-butyl alcohol 
increases with increasing molecular weight of the penetrating 
substance in the order: ethylene glycol < glycerol < erythritol 
< mannitol. As contrasted with glycerol and related substances 
to which «-butyl alcohol increases the permeability in some species 
and decreases it in others, thiourea, under the same conditions, 
always shows an increased permeability. The same -was found to 
be true of lipoid soluble substances such as mono-acetin and 
ammonium salts of -weak acids, which by hydrolysis give rise to 
I and lipoid soluble acids. On the contrary, permeability to 
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the ammonium salts of strong acids, where the penetration of flic 
cell by ions is presumably involved, was in all species found to lic* 
greatly decreased/’ Where butyl alcohol slightly increases per- 
meability to lipoid soluble substances, it usually greatly decreases 
permeability to anions. 

Some results of Bariund 1938 on Char a leratupmla are of 
particular interest, since from an experimental point of vieu they 
are the most satisfactory’ in the literature on the intiuence tu' 
narcotics on non-electrolyte permeability, because tiie\ 
carried out on the cell in its normal environment and tf:e pene- 
trating substances were determined chemically. Some typical 
results are show’n in Table LV, and it is clear that the only 
influence of ether, the narcotic substance used throughout this 
work, is to increase permeability, w'heiher the relatively liptnd 
insoluble ethylene glycol or the relatively lipoid soluble triethyi 
citrate is considered. Bariund observed that the acceleration in 
permeability is reversible, and he was able to correlate the eriects 
on permeability with the inhibiting action of the narcotic on 
protoplasmic streaming. 

TABLE LV. The effect of ether on the permeability of C j 

CERATOPHYLLA TO NON-ELECTROLYTES 

jPi is tile pfrrriieabi’ity <'un»tani in iLe tia* abser '.e ft 

ether, r is the ratio P-. Po. 


Penetrating 

substance 


r. 

r 


Ethylene glycol 

• e.j 

i • i4 

‘ - -T 


1*1 

1-2: 

ts-'T 

* '4' ■ 


1-5 

i-27 

o-..i 

2 '' 


’2i} 

3-2S 

l-2> 

2'5c 


2-5 

;i-4i 


3'4'^ 

Triethyl citrate 

2*5 

U-27 

♦ rlC 

I-5n 


2-0 

10-35 

5'4»; 

]■*.«• 


2-5 


V25 

I-L-* 

Hexamethylene 

2-5 

M'o7 

«,«'027!4 


tetramine 

2-5 

u-241 

«(-m4!45 

4-< 

Urea 

2*5 

Ul79 


I “4 


2-5 


m-4w;7> 

1-53 


The influence of narcotics on the penetration of CO., has been 
demonstrated by Smith (1923; ; this author made use of the colour 
change which occurs inside the cells of the petals of Jpomoea Learii 
when they become acid as a result of the penetration of this gas. 
It was found that placing the cells in CO^-saturated wato* in 



:!rd r II t i. F f :t ' - i ' * f n' a h c o tic svbst a x c e s 

which .1/ mj- f^ihcr had been added conddta'ablv 

I la- - uf ihe colour change; generally in low 

MCiranu-anMC- Mi'tia* narcotic the efteci was reversible: in hialii-r 
il 

TirA\ io tlie permeability of ceils to substances \\hicli 
dn:v.x.ia!e in M;>lntioin we have the observation of Lepeschkin 
!®4|i tjiat the permeabhiiiy of Tradescantia cells to NaXCh, is 
di\ rtcised b\ i - d o . eilier and n-Oo-O- 12 chloroform : if the 
chlijruiorni I'oiicentraiion was increased to M-2*h,, an increase in 
perniea!:<ilit% was measured. The conductivity studies of Osterhout 
have ah ?'.aiv l>een nnmtifuied in the chapter on ionic permeability: 
thi- aath.or ltd 1:5 round a transient increase in the electrical 
res:-:aaaa* L:'\:\ur:T irond> with various narcotics; this change 
wa^. l:‘.ovevj*r. :oll»:rard by an irreversible increase in conductivity 
and il is dirikult to state with certainU' whether the results can 
1 h‘ related to ionic permeability changes. Joel (1915 washed ox 
erythrocNies repeatedly with non-electrolyte solution and then 
measured the electrical conductivity of a suspension of the washed 
cells in a !resli lot oi non-electrolyie solution. We have already 
seen th.it suspensior; or'unwashed cells in a non-electrolyte medium 
ca:nes an escarae of salts from the ox erythrocyte; Joel’s treatment 
was iherrfore epuite drastic, and it is difficult to be sure that the 
increase in conducihity observed was due to a permeability to 
s.;iis in the true sense, in contrast with actual haemolysis. Joel 
observed that additions of urethanes, thymol and alcohols all 
tended to decrease the rate of rise of conductivity, indicating 
either an inhibition of the permeability of the cells to salts or an 
inhibition of haemolysis. 

Siebeck 1022 has studied by direct chemical methods the effect 
of narcotics on the rate of exchange of sulphate with chloride 
across the eiythrocyte membrane, and he found a definite 
reversible decrease in the rate when the urethanes, substituted 
ureas and alcohols were added to the medium; the concentrations 
which were effective were identical with those required to inhibit 
ceil oxidation. 

Trondle (1920^. has studied the effect of ether and chloral 
hydrate on the penetration of XaCl, KCl and NaNOg into the 
palisade cells of Buxus sempervirens; the method consisted in 
measuring the limiting plasmolytic concentration, i.e. the smallest 
concentration of a salt which is necessary to produce plasmolysis, 



ox PERMEABILITY 


at intervals during the soaking of tlie leaves in me sciiuiions oi ih*^ 
penetrating substances. Trbndie found that the uptake oi sah.-. 
measured in this way, could be almost completely inhibiu‘d L> 
previous treatment of the ceils with 1 a . chloral Indrate: or 3 
ether. Similar results were found with itmes ol’ .haT plaiin-Ade^ 
and the roots of Lupinus albus. The penetration of alkaloids, on 
the other hand, was found to be uninfluenced i:)y eliioriii Ir. drate, 
and Trondle argued that since alkaloids pcrjeuate viil: out the 
intervention of any metabolic process, in contrast ui: h vva* ^ 
penetration is determined, so he claimed, by nieiabolic act:>lr, . 
narcotic action would only be manifested in regard to the pene- 
tration of substances whose penetration involved such a metabolic 
activity. A similar view in regard to animal cells has Ixren 
propounded by Hober (1922^ . We have had occasion to mention 
earlier the results of Davson 1940 on the relative iiiHuemces of 
amyl alcohol on the permeability of the cat eryilirocyte to -•xiiiini 
and potassium, and it was shown that narcotics only cauvr an 
increase in potassium permeability whilst, in the same c*oriCtr!> 
trations as this increase is observed, an inhibition of sodium 
permeability occurs. In Fig. 56 is sliown tlie ellects oi' thret- 
homologous carbamates on sodium permeability ; in this 
figure is plotted against the concentration of the cariam/iies 
in the i^utonic KCl suspension medium, and the units o: 
centration of these substances are choen. in 'Uc:'. u vac/ ,n 
any point on the curve t::ey ijear :ne rei:cci:n>-.ia : 

^ Kt • ^ Pr • - Bu = ^ ^ ^ 

and the close approximation of the points to each other indicate-, 
that Traube’s Rule is obeyed, A large variety of organic substances 
had a similar inhibiting action on sodium permeabilit\ . e.g. 
chloroform, ether, benzene, alcohols, polyphenols, etc. The 
inhibiting action of anions, e.g. CXS” and F, mentioned ir. 
Chapter xii may probably be classed as a narcotic action in ilie 
sense in which the word is used in this chapter, and it is wortliy 
of note that the adsorbable anions phenylacetaie, iodoacetate. and 
mono-chloracetate exert an inhibiting action ; similarly the surface- 
active soaps such as sodium oleate have an inhibiting action. 

An interesting point arising out of this work is that saponin is 
completely without effect either on sodium or potassium per- 
meability; on the other hand, a soap, such as s<xiium oleate, 
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l«"havc^ in a shniUir 'Aav to the alcohols and carbamates in 
it iiihil-’it" MHiiiiiii prnntMlhiity and only accelerates potassium 
In fsi! her chapters the apparently unique behaviour 
of p/'ann in respect to the pre-haemolyiic escape of potassium 
the rarebit er ythrec\ te, and the penetration of lipoid protein 
fiinrs. has been iiidicatt^d: thus, although a variety of haemolytic 
airmiis \u!l caiue the rai)hit erythrocyte to lose potassium before 




• Ethyl carbamate 
Propyl carbamate* 
C Butyl carbaiiiiitc 




Fir, 


rb 0*063 

0*125 

0*188 

0*250 M 

C Pnpyl carb, 0*025 

0*050 

0*075 

0*1 00 .u 

€ Butyl carh. 0*010 

0*020 

0*030 

0*<}4(3 M 

ErTeei of carbamates on 

permeability of cat red cells to sodium. 



haeniolysis occurs, saponin does not have this effect; again, a 
variety of haemolytic substances will penetrate a lipoid-protein 
film, whilst saponin does not. Unpublished results of Davson also 
show' that the failure of saponin to inhibit penetration is not 
confined to this particular system, but extends to the penetration 
of non-dcctroiytes such as glycerol into the rabbit erythrocyte. 
A further class of substances which has been found to inhibit the 
penetration of sodium from the cat erythrocyte is represented by 
the heavy' metals; thus copper, lead and zinc in concentrations 
from 1 X 10~^ to 1 X all cause a marked slowing of the rate 

of escape of sodium. Potassium permeability, as with all the other 
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substances mentioned, being markedly increased. Mention L...- 
already been made of a similar action of copper on tlu* pn- 
nieability of the rabbit erythrocyte to glycerol, and it would seeun 
from the studies of Jacobs that inhibition oi' glycerol isei nirabili*\ 
by copper runs parallel with inhibition by narc«>iic --ulistarires. 
i.e. the cells of those species, e.g. the rabbit, huiikin, rat. eic.. 
whose permeability to glycerol is inhibited by copper abo 
the phenomenon ofinhibitior; of u-:> r-ro] permeability bv narcotics. 
It is worthy of note that the cat er\ throc\ te‘s pernaabai.r. * • 
glycerol is only increased by narcotics or copper, so ilia: jaeia* 
species of ervThrocyte may show a narcotic effect with regard uj 
certain solutes and not with regard to others. 

So far as the interpretation of the action ol' narcotic susbsiance^ 
on permeability is concerned, it may he stated without much 
hesitation that no single theory propounded in the literature co\ eis 
all the facts. Speculation has been paniculaiiy prtnailem in thi') 
field of permeability, and practically every paper to whicri 
reference has been made contains a lengthy discussion ca -ia* 
particular results described with special reference to the particular 
theory favoured by the author. The summary- of the facts presented 
here will enable us to see the inadequacy of some of the theories. 
The idea developed by Hober and by Trundle, that narcouc 
action on permeability was confined to those substance's whuv." 

penetration is detennined by procr^:;^o. > inC'..-rr’*c:~ 

since Anselmino 6: Hoenia and Jacob.- n Fb,r::.ar: a, a 

that the penetration of glycerol ii.uj :be 

inhibited by narcotic substances. The pore niocaina : 

Anselmino is also incorrect in so far as biological sy^tcir.- ur.- 

concerned, since Davson has shown that a narcotic may inhi* 1: 

the penetration of sodium whilst it accelerates the penetration of 

potassium. 

The particular physical characteristics of a substance which 
determine whether it will be a narcotic substance have also been 
the subject of much discussion. Traube suggested that the surface 
activity was important, and the evidence in the literature ceriair;l\ 
indicates that this is a factor of importance; in general in a 
homologous series, the effective concentrations of the different 
members are approximately iso-capillary: however, the fact that 
ether and chloroform, which do not concentrate at an oii-w'ater 
interface, are effective narcotic sul>stances indicates that surface 
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adivhy hr hicior: lurther saponin is strond\- Miriac"- 

.iL'j\r !, h,iS liO i.aixutic action on permeability. In .. Ninilar 
ua\. ih a-c liac reirards the determining factor as the lipoid 
tie' ^ub^taiice is in accord with most of the ijc:-. ij^ 
-'v iich vhcAv die phenomenon of the inhibition f»f rjrr- 

ay narcotic substances, although saponin is, once aT:h!i 
an exct'ption. I he fact that certain ceils show no evidence of an 
iiihlhitioii oi‘ riernunibility by the narcotic substances examined 
and that other ceils only show this inhibition in respect to certain 
penetrating substances, indicates that besides the chemical nature 
oi narcotic sifostance. the special structure of the membrane 
aiui tlia: Mf tlie penetrating substance must also be taken into 
accuunt. this point it is of interest to re-examine Lillie's 
hypothecs regardinir narcotic action and permeability. It will be 
rememrx'red that Lillie supposed that the action of a narcotic 
siifrsiance was a prevemive one, in that it inhibited an increase 
of permeability which would occur in the absence of the narcotic. 
Thus a narcotic would prevent the conduction of an impulse 
througii a nerve, not because it altered the normal permeabilitv 
rekitions in the resting ner\e, but because it prevented the 
Mipposed increase in permeability which is associated with the 
passage of the impulse. If Lillie's view is correct, it would be 
expected that the cell in its normal environment will show no 
efTeci of narcotic substances on its permeability. In support of 
this idea we find that the one study of non-electrolyte permeabilitv 
whicli has l^een carried out under strictly normal conditions, 
namely that of Barlund, indicates that narcotics do not decrease 
permeability. The studies of Anselmino & Hoenig and of Jacobs 
Parpari were carried out in eiectroiyte-free solutions, and since 
cells are not normal in these circumstances it may be that the 
narcotic inhibits an increase in permeability due to these con- 
ditions. Similarly, the work of Da\^on on narcotic action was 
carried out in potassium-chloride solutions, and the w^ork of this 
author indicates that whereas the penetration of potassium is not 
affected by potassium concentration (apart from the effects 
expected on the basis of altered concentration differences), that 
of sodium is, and it is interesting that potassium permeability is 
not retarded by narcotics whilst sodium permeability is, and in 
a very striking manner. Again Lillie’s and Lucke’s work on 
unfertilised eggs of Arbacia has shown that the permeability of 
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these eggs to water is unaffected by narcotics when the egg in 
its normal environment; only when the permeability is increas<^d 
by fertilisation or by placing the cells in a non-ekctrolyie medium 
does the narcotic exert an inhibiting action on water permeability. 
These facts are certainly suggestive, but tlie hict that collodion 
membranes show narcotic inhibition of permcabiliiy, and the weii- 
estabiished inhibition of the chloride-sulphate exchainre the 
erythrocyte, indicate that the application of Lillie's ide.i is lirnuecL 
In concluding, we may state that the experimental wock or: :i.e 
influence of narcotic substances on permeability is still limited 
to warrant any generalisations either regarding the mechanism 
of this action or regarding the significance of these changes in 
respect to narcosis itself; the use of the exact methods, such as 
those developed by Gollander and Barlund, by Lucke and h\ 
Jacobs, applied with care to different cells under stricdy physii> 
logical conditions should lead to a rapid advance in this l^r.xnch 
of permeability. 
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CHAPTER XVII 


THE EFFECT OF TEMPERATURE 
Oy PERMEABILITY 

By J. F. Danielli and H. Davsox 

A RISE in temperature increases the kinetic energt'of molecules 
and ions pn^serit in a solution. The kinetic energy* is, of course, 
in terms of mass and velocity. In a perfect gas the 
kiiicHic eneriiy per molecule is given by 

K.E. = 

where n is the number of molecules in a given volume, in is the 
mass of the molecule and u is the root mean square velocity. 

The relationship l>etween u and temperature is given by ex- 
pressim,^ Boyle's and Charles’ Laws in terms of molecular kinetics: 

where X=Avogadro’s number. 

(>>iisequeiii]v, lor two different temperatures, and T -r 
we ha\'e the following, since iJ is a constant: 


f’r T 

'Fhe ratio [‘ 7,10 ^ r is known as the temperature coefficient and 
is svmMised by Qjq, Bettveen 20" and 30^ it should have a value 
of i ‘02. This simple treatment assumes that there is no increase 
in the vibrational energy’ of the molecules with the rise in tem- 
perature. If the laws for perfect gases applied for dilute solutions, 
then for a simple diffusion process the should be of this order. 

Ill actual fact, as we saw in Chapter v, the of diffusion in 
water at 2tr C. lies between 1*2 for rapidly diffusing molecules 
and 1*5 for very’ slow molecules. This deviation from the value of 
1*02 found for perfect gases is due to the restraint placed on free 
diffusion by the structure of the liquid. Very much higher 
coefficients may be obtained with media in which the structure 
is more rigid, so that a higher kinetic energy per molecule is 
required before a diffusing molecule can break away from the 
local structure. Some such results of Barrer (1934) are given for 
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silica glass in Table LVL As we have pointed out in Chapters v 
and vn, the temperature coefficient is a most valuable quantity, 
since it enables one to estimate the minimum energy* required by 
a molecule before it is free to diffuse, and this is necessary^ for the 
quantitative examination of membrane structure. For example, 
with silica glass the values of ^ are roughly the same 

for members of the group and helium, and for members oi' tiie 
group nitrogen, oxygen, argon, but different for the two gn>iips. 
We conclude, therefore, that the membrane is unhornogeiieous, 
and that probably Ho and helium diffuse mainly by one path or 
mechanism, and that No, Og and argon diffuse mainly by a 
different path or mechanism. Barrer had previously concluded 
on other grounds that the first group of molecules penetrates 
through the crystal lattice, and that the other group can only 
penetrate through the interspaces between the ciy’-stallites com- 
posing the membrane. 


TABLE LVI. Data for diffusion through silica 

GLASS MEMBRANES AToOli'C. 


Substance 


Qu 


Helium 

T55 

1-55 

1 

Hydrogen 

n-5 

2*ll» 

lift 

Xitrogeii 




OxyL'en 




Argon 




TABLE LNTI. 

The effect u.' tempi 


.TO ; 

MEABILITV OF THE ERVEKROOV 

TO ..e:. 

: r.. 


Rate of penetration 



Temperature 

of glucose 



0-5" 

1 

12 


0*5^ 

4 



10-0-’ 

12 

0* 

5-5 --15 

15*0" 

24 

2"7 


25-0" 

54 

2*25 

15-25^ 


Masing (1914) found the results given in Table L\1I for the 
effect of temperature on the penetration of glucose into the human 
erythrocyte. The Qjo values are very approximate owing to the 
poor experimental conditions. Here it is quite obvious that the 
is of quite another order from that of simple diffusion in water 
or gases. For GF a value of 2*2 is given by Ege ,1922). This value 
must be accepted with caution, however, as it was obtained by 
measurements of the rate of haemolysis in NH 4 Ci, a method to 
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which there are objections. The for the penetration of K"" 
throuc^h liie rabbit erythrocyte membrane in hypotonic solution 
has been mentioned earlier and has a value of about 2 (Dayson^ 
TJ37 . I he membrane under these conditions is probably slightly 
stretched. 

The most systematic study of the effect of temperature on the 
rate of haemolysis in solutions of penetrating substances has been 
made by Jacobs ei al, (1935; and a few of their results have been 
given in Table LVIIL 

TABLE LVin. Qifi valves for the time of haemolysis of ox rei> 

IS WAFER AND IN 0-3.U SOLUTIONS OF VARIOUS SOLUTES 


I'emperaUiirr inter\'al : 

o-iu C- 

lih-20 C. 

2C»-3U^ C. 

3CL40'^ C. 

40-5U' 

Water 

Mb 

1-30 




Propyl alcohol 

i-4S 

MU 




Urea 

T31 

1-45 

1-38 



I'hiourea 

•2-21 

2-64 

2-13 

1*78 

2'iu 

ai Dioxypropane 

3-83 

3-07 

3-U 

2*0 

1*S3 

%y Dioxyproparie 

2’92 

3-66 

3*06 

2*59 

2*09 

’Tnethylene gK'col 

3-35 

3-62 

314 

2*8 

2*24 

glycol 

2-9 

2-99 

3-12 

2*37 

2*33 

Ethviene giycol 

2*Si 

3-11 

2-63 

2*37 

2*0 

Glycerol 

5*37 

3-98 

3-32 

2*94 

2*74 


From this study Jacobs ei al conclude that substances which 
penetrate slowly have a high and for a given substance and 
different eiA’throcytes, the erythrocyte w’hich shows the slower 
rate of penetration generally has the larger as was predicted 
by Danielli 1935^. However, the results of Jacobs et al, can only 
be considered approximate, since the haemolysis technique was 
used, and Davson (1939^ has shown that, owing to the escape of 
cations from erythrocytes in non-electrolyte solutions, the observed 
effect of temperature on the rate of haemolysis will be complex 
and will not be due entirely to an increase in the rate of pene- 
tration of the non-eiectrolyte; a close inspection of the results of 
Jacobs €t al. shows many deviations from the two generalisations 
made by Danielli. In fact, with human and rat cells an actual 
decrease in the rate of haemolysis with a rise of temperature of 
10® may be ob^rved. Jacobs et al. (1936, 1938) have discussed 
a number of other factors which affect the observed Q^^’s with 
red ceils. 

With i^jard to the effect of temperature, red cells appear to 
fall into two groups: (1) man, rat, guinea-pig and rabbit; (2) cat, 
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dog, horse, pig, goat, sheep and ox. The first irroup tiiiiciY 
markedly from the second in the effect, and rcvfrsii>ilitv t,i ’..he 
effect, of temperature. The first group is also highly ijenaeafile 
to glycerol, but this high permeability is siiarply reducf'd In acid 
or traces of copper. When the permealjility ol teih to 

glycerol has been reduced by one of these aueri;.>. the is 
increased from a low value typical of normal c li'. o; •};.* iL-st 
group to high values between 3 and 4 typical oi tite -rfioy: 
of species. 

TABLE LIX. \"ariation of k , the perme.\bilu\ < : > 

EGG TO WATER, WITH TEMPERATLRE Ll i.EE. 


MgCutcheon, 1931) 


Temperature C. 

k 

Course of swelling 

12 

0447 , . 

15 



IS 

-V 


21 

"■li! U 


24 


Course of shrinking 

12 

‘»‘050 , . 


15 



Is 



21 

0T2s f " 


24 

0-157 

TABLE LX. Temperature 

COLHiCIEN I > 

iOR THI' 

OF W A : ?. s H R I N K A GE I ROM 

DAN'DELUiN DlLT. 

7HL ONION Lh.\l 

:■ .\N ■ . ; a: • : 

TeiriDerAljr:,* 

f}-- - 


‘ C. 




; 4 



i-5 

; 

15-25 

2<> 


20-30 

20 


25-35 

2-9 

.>“ * 

30-40 

3-0 

“ 


In Chapter vm we have given values tor the Q,,. of pernie:f I’.A.v 
of Arhacia eggs to non-electrolytes. The effect of temperature o:i 
the permeability of these eggs to water has been sradied in > jme 
detail by Lucke et al. (1931) and some of their results are given 
in Table LIX. In plant cells Delf (1916 - has measured the effect 
of temperature on the permeability of onion leaf and dandelion 
scape and some results are shown in Table LX. Generally 
speaking there is a great paucity of information about the effect 
of temperature on permeability constants, and the most s^'stemadc 
investigation is that of Jacobs and his colleagues on red-blood cells. 
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III ilie case of the examples of values which have been eiveii 
here, li has been assumed that the whole effect of temperature 
rharrire is on the rate of diffusion of the penetrating molecules 
and that changes in the cell may be neglected. Probably, howe\-er 
the structure of tlie membrane and the equilibrium conditions of 
the ceil are both affected by temperature, and variations in these 
two quantities will also affect the obseiv^ed values to some 
extent. A discussion of some of the theoretical relationships 
IxMween temperature and permeability is given by Danielii 
1941 and Appendix A . 
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CHAPTER XVIII 


HAEMOLYSIS^ 

By H. Davson 

I N the preceding chapters we have seen the application of two 
methods whereby the nature of the membrane surroundincr a cell 
may be determined. The first is the study of the permeability of 
the membrane to a variety of penetrating substances, and the 
second is the use of electrical, optical and surface tension studies 
on the membrane itself. There is a third method, which may be 
spoken of as a degradative method, by analogy^ with a similar 
procedure in organic chemistry^ which consists in the destruction, 
either complete or partial, of the membrane under a variety of 
conditions. It may be expected that an accurate knowiedce of 
the ways in which the membrane may be destroyed, so lar as its 
selective powers are concerned, and the steps whereb\' this 
destruction may be brought about, will add to our knowledge of 
its original structure. Haemolysis describes the change in the 
erythrocyte which causes the leakage from it of the laree molecule 
of haemoglobin, and this change consists essentially in an actual 
destruction of the membrane whereby it lo^es it* oriu'irnJ 
powers; hence the study of haemolysis ::: fart ::te .ipybcat: ar: 
of this degradative form of analysis lo the problem cf mernbrara* 
structure. 

Progress in the elucidation of the mechanism of haemoI\ s:s is 
of only recent date, although the problem has attracted the 
interest of biological workers since the inception of serious work 
in this branch of science. The main reason for this delay has been 
a fundamental misconception as to the nature of the pnx'ess of 
haemolysis, which was regarded as a simple permeability process 
(so that a certain rate of haemolysis was represented as a certain 
degree of permeability to haemoglobin), w^hereas more recent 
evidence indicates that the escape results from the formation of 
holes in the membrane which are large compared with the 
haemoglobin molecule so that the escape is probably determined 

* We are indebted to Dr Eric Ponder for his critkfem erf tl» first draft <rf 
this chapter. 
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liv simple laws of dilTiision in an aqueous medium, as opposed 
to the special case of a pcrmcabiliry process. Again, the majority 
of workers rjii liaeniolysis tailed to take into account the effects 
of temperafure and pH changes on the equilibrium conditions of 
the ervthrcH^yte; thus, if cells are found to haemolyse in 0*oSd/ 
NaCfi at 25 C.. it will be observed that they fail to do so on 
raising the temf>erature to 40* C. ; this effect of temperature used 
to he attributed to a direct action on the membrane whereby 
the permeability of the cell to haemoglobin changed, but it may 
be l>eiter accounted for on the basis of a change in the amount 
of osmotic material in the cell due to a change in the base-binding 
po\^’or of the haenioglo!)in at the higher temperature. Lastly, 
no distinction used to be made betsveen the rate at which a 
haemolytic process occurred, and the equilibrium position 
achieved, and it is thanks to the pioneering work of Ponder that 
the process of haemolysis can be characterised by certain curves 
which contribute largely to the understanding of the changes 
involved. 

The literature on haemolysis is immense, and has been covered 
in a monograph by Pander .1934^ and a review (1936); in the 
following pages only that experimental work which appears to 
be closely related to permeabiliU’ problems will be dealt with. 

We ha\’e seen that an erythrocyte can apparently exert no 
appreciable resistance to an osmotic force, except by allowing 
water to penetrate it, thereby reducing its internal concentration 
and hence the osmotic pressure difference bettveen it and its 
surroundings. We have also seen that there is a limit to the amount 
of extra water a given ceil can hold, and when that limit has been 
exceeded the membrane apparently gives way and allows haemo- 
globin to escape. The escape of haemoglobin produced in this 
wav is characterised as hypotonic or osmotic haemolysis. !Micro- 
scopical investigation shows that the cell leaves a residue behind 
it after haemolysis: this residue is known as the erythrocyte 
''ghost'’, and centrifuging of a haemolysed suspension of cells 
causes the ghosts to settle to the bottom of the centrifuge tube. 
Jorpes (1032) has shown that the ghost contains a protein, 
stromatin, with an iso-electric point of^H 5*5; Boehm (1934) has 
prorided evidence that the protein must exist in a gel state 
distributed throughout most, if not all, of the interior of the cell— 
the ghost also contains cholesterol and lecithin, indicating that the 
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memlirane constituents remain attached to the sironiaiin Erirk>u!i 
et al. 1938j. Fricke ei al, 1939 have studied the iihosts in irreaier 
detail and find that the average value of the weight of the fixed 
framework"’ of the erythrocyte is 1-2 x hr-® u^ams per square 
centimetre of cell surface. They point out that if this rnairria! were 
concentrated in the cell surface it would have a tf iirkias-s of 1 A : 
this value, however, excluded any contribution of vratsT. 

Spiro (1894) pointed out that if cells were haeriioivo'd i.u this 
way, addition of a concentrated XaCi solution to the jo-xed 
suspension caused a reversal of the process of haemolssi-, ..rxi 
haemoglobin apparently passed back into the ghosts, which then 
became impermeable to haemoglobin and were apparently norinal 
erythrocytes again. This idea was revived by Brinkman & Szeni- 
Gyorgt’i (1923), but Bayliss (1924 showed that the addition of 
NaCl to the haemolysed suspension caused the ghosts to contract 
in volume and, presumably as a result of this contractirjin to 
become impermeable to haemoglobin. Owing to the of vaster 

from the cells produced in this way, the concentration of haejn‘>- 
globin in the ghosts would be higher than that in the suspenuoi; 
medium. There was thus no question of the haemoglobin passing 
back into the ghosts, but rather a shrinking of the latter accom- 
panied by a resumption of the cell's impermeability to fiaemo- 
glo'uiii, the two effects producing an increased concentration of 
haemoglobin in the cells, leaving that ouuid** virtuallv u:xhan;:ed. 
Hence, although Spiro's and Brirffunar. a 

were untrue in respect to the re-eniry of hc.-.::n . gi ::: inoj fne 
cells, their experiments showed that the process of nypo: xav 
haemolysis is reversible to the extent that the membrane inav 
apparently resume its impermeability’ to haemoglobin after it has 
lost it. It is interesting to enquire how far the process of haemoivsis 
is reversible in this case. Fricke & Curtis 193.3 showed that the 
erythrocytes of the rabbit exhibit very’ similar electrical impedance 
both before and after hypotonic haemolysis, suggesting tiiat the 
normal impermeability to cations, which is the most cliaracieristie 
property of the erythrocyte, may be maintained, at least in part, 
after the escape of haemoglobin. The obseiv'ation of Ponder & 
Marsland (1935) that during osmotic haemolysis the pigment may 
^cape from the cell at a rate very’ much less than that required 
for diffusion through an aqueous medium indicates further that 
during the -actual escape of haemc^lobin the red cell membrane 
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siill prf'M^nts ceriairi -trucmral impediments to the free passage 
at tins iwArcult*. Further evidence of the at least partial maiii- 
irruiijce M? orit^una! structure is provided by the microscopical 
ap|.H‘arance ofilie uhost after “reversal of haemolysis'’ "i.e, after 
the addition of .stroiv^ NaCf , for the form is more or less that of 
a t\ pica! bi-concave disk. 

Da\'son ^ Fonder i have shown, however, that the ghost 
has lost its power of preventing the passage of sodium and 
potassium: in fact the exchanges of these ions, which Davson & 
Ponder measured chemically, were so rapid that equilibrium had 
been established beibre there was time to separate the ghosts 
from their suspension medium at O'. We may envisage three 
possiljilities resardiii^r the mechanism of hypotonic haemolysis: 

1 llie cell is ruptured into a number of fragments. 

2 The cell membrane becomes stretched, so that pores already 
present are enlarged to allow the passage of haemoglobin. 

3 ; The cell membrane breaks, one or more large holes 

appearing. 

l^ossibilitv 1 is ruled out by the fact of the reversal of haemo- 
Ivds. and 2 is also excluded, since to produce a shrinkage of the 
cell necessary to bring about reversal, a large portion of the 
membrane must remain impermeable to salts,* this would not be 
the case were pores over the whole membrane stretched to the 
extent that haemoglobin could pass through them. Such a view 
would also not be consistent with the comparatively long “fading 
times”, i.e. the times required for about 90 of the haemoglobin 
in a cell to escape, obtained by Davson & Ponder for osmotic 
haemolysis. By exclusion we are left with hypothesis (3), which 
is quite consonant with the known facts, and allows of a per- 
meability of the ghc^t to cations through the large hole or holes, 
whilst leaving the cell with a net electrical impedance due to 
cation impermeability* over the rest of the surface. 

The general picture we may deduce for the process of osmotic 
haemolysis is, then, a swelling up of the ceil imtil it can no longer 
contain any more w*ater; when this point is reached, the membrane 
breaks, perha|^ leaving one large rent or several smaller holes; 
the size of the holes is, however, large compared with the haemo- 
globin molecule. As a result, haemoglobin and the salts in the 
ery^throcyte leak out, and the rate of leakage or the “fading time” 
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will be proportional to the size of the hole, i.e. the fraciion of the 
cell surface available for diffusion. The ghost is now in o-niotic 
equilibrium with its environment. Addition of sironiif XaCi 
solution will now raise the osmotic pressure outside the nhost. and 
this difference will be neutralised a by the passage of salts into 


Cfll in sjlinc 

NaCI 



U’aicr added 




the ghost through the hole, and b b\ the pas?aa:e of v. ..:vr luv. 
of the ghost over its whole surface. Since b will occur more 

rapidly than (yz), the ghost shrinks, thereby closing up the hole 

and preventing the escape of haemoglobin, but the closure is not 
adequate to prevent exchanges of cations. These processes are 
portrayed in Fig. 57. 

We may now enquire into the 
changes which occur in the erythro- 
cyte before osmotic haemolysis begins. 

The normal form of the er\throcvte ^ 

. . - , , , ' . Fig. os. Cros'^-secno!! f>i me 

as It occurs in the blood stream is emhrocyie. virAeii 

that of a bi-concave disk; Fig. 58 is end-on. 
the mean outline of the human ery- 
throcyte viewed end-on, constructed by Ponder !T§S4£i^^ from his 
own measurements. It is clear that a ceU having the shape of 
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a .\\f* disk Tiiu% incrt*ase in volume by transibrmimc itiiel 

ini?) t -pi uithout any chanire in surface area; however, once 
ihe • :difiic^d Knm iui- Iwren reached, lurther increase in voiunie 
I’aii ailv be a* hie\-ed by an increase in the area of the membrane. 

r rn sireichiin^ or a replenishment from the interior. Thi> 
tr>i!is:i irination into a sphere is a matter of common observaiion. 
l.mi the extent to which an erythrocyte can increase further in 
volume was not known until the ingenious papers of Ponder 
and of Castle & Daland '1937; appeared independently. 
These investigators have shown that the point at which a cell 
haeinolyses is virtually when it becomes a sphere; in other words, 
there is jjrarncallv no change in the surface area as it swells up 
and hafunoIvst‘:^. 

TABLE LXI 


Hypoti.micitv 

i I . Serum concentrations 

III. Saponin 


Cat 0-174.\f 

Guinea-pig 

(;«:>: 

Ox OTOb-t/ 

White rat ' 

Ox 

Sheep 0*165.1/ 

Dog 

Cat 

While rat 0-16-.1/ 

Grey rat 

Grfv 


Rabbit 

Fie 


Pig 


t7;.at 

Grev mouse 


Mar. M*I5’ 

Cat' 

\St\hr rat 


Ox 

Rabbit 


Goat 

Guinea-pii 


Sheep 


It has been shown in Chapter in that the cells in any given 
suspension of ervahrocy tes undergo haemolysis at varying degrees 
of hyyK)toniciiy: thus only about 10*^o of ox cells haemolyse in 
OToi/ XaCL whilst about 80 -^ haemolyse in 0-08 T/ NaCh 
a*^ain. if dilferent species are compared, one may obtain a series 
of increasing resistance to hyf>otonic haemolysis as in Table LXI, 
column I Rywosch, 19t)7;. The cause for the variable resistance 
to hypotonicity, or the variable "fragility”, as the reciprocal of 
the resistance is called, has not been adequately explained. It 
seems fairly definite that fragility’ has nothing to do with the actual 
weakness of the membrane, for it is far too thin to exert any 
appreciable resistance to osmotic forces. A factor of importance 
will obviously be die ccmc«ntration of osmoticaliy active materials 
normally in the ceil; thus, ceteris paribus^ a ceil with a high internal 
salt concentration will haemoly’^ at a higher tonicity than one 
with a lower. This point was investigated by Benham & Davson 
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unpublished; and in Table LXI, column II, is presented the 
series of animals obtained by arranging them in the order of 
decreasing concentration of osmotic materials in their sera and 
presumably in their cells; . There is no apparent correlation 
between the series obtained in this way and that of Rywosch, so 
that the concentration of osmotic materials is not the determining 
factor; nevertheless, it may be sufficiently important to oliscure 
other correlations. Gansslen 1922 and later Haden 
1935} have made the suggestion that the decisive Itictor i- 
length thickness ratio of the erythrocyte, since tliis factor will be 
proportional to the extent to which an erythrocyte can take up 
water. Such a suggestion agrees well with the results of Ponder 
and of Castle & Daland, quoted above. Unfortunately tfie 
experimental values for the lengths and thicknesses of cells are 
uncertain, but Ponder (1937; provides reliable tigures for the 
mean length /minimum thickness ratios of the man. rabbit and 
sheep erythrocytes, being 8*4, 7*3 and 5*2, which is the order of 
decreasing resistance to hypotonicity. However, as Ponder 1 ‘a37 
points out, a different order would be obtained were the 
length/greatest thickness chosen, and the cell shape cannot be 
defined in terms of a single ratio; nevertheless, Gansslen'*s 
hypothesis is probably right in its essentials. 

Brinkman & \"an Dam 1920 claim that washing emhrcxyies 
with saline solution increases the osmotic r'esistaiice, and turther, 
that the cause of this increase in resistance is the removal oi' 
lecithin, which is responsible, so they say. f »r tiie sensitivity o: the 
cell to hypotonicity. Their experimental results are circum- 
stantially described, and it is therefore all the more surprising 
that Saslow (1932 has been unable to confirm any of their ckiins. 
The removal of lecithin from the erythrocyte presumably from 
its membrane) would be an interesting fact if somewhat dithcuh 
to accept. 

A point of interest in connection with the problem of the changes 
in the membrane leading to haemolysis is raised by the work oi 
Davson (1937), who has showm that the erythrocytes of all oi six 
species examined become permeable to potassium when ilie cell 
swells, yet the point on the sw^elling cur\'e at which this permeability 
occurs is considerably removed from the |K>int at which they 
become spheres. If we accept the evidence of Ponder and of 
Castle & Daland, which shows that no measurable stretchii^ of 
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tlif^ riifiiiK)r*inr occui> uiitil the cell becomes a sphere, it is clear 
th.ii the re-M!i*/ntafion of the membrane itself, as the cell assumes 
iufennecii.iie between a bi-concave disk and a sphere, is 

sullickmt t'? [iriRiure chanties in permeability; these changes are. 
iiowever, rt^versible, so tliai causing the cells to shrink prevents 
further potassium escape. 

liners.’ h u by Lymis. There is a large variety of reagents which 
cause haemolysis of the er\*throcyte, and the requirements of a 
iysin seem to Ix^ that it should be either surface active, e.g. saponin, 
dieitonirn or taurocholate, or that it should be a lipoid solvent, 
eat, ether, chlorofi^rni, etc. The Iysin most studied has been 
saponin, a ducoside. and attention will be confined mainly to 
this .•-.ulxtance. Ponder tor a full description see his monograph, 
has derived an equation relating the time required to 
produce complete lysis and the dilution of the saponin required 
to produce the lysis, based on the assumption that the time 
elapsing l>etween the addition of the Iysin to the system and the 
resulting h sis of the cells is determined by an mh order reaction 
of sapoiiiti with the membrane. It is difficult to assess the value 
of this work so lar as the elucidation of the actual haemolytic 
process is concerned, since the final equation derived by Ponder 
CO describe the time-dilution curve contains a parameter of 
indefinite meaning, i.e. the exponent, 72 , in the fundamental 
equation should be an integer if it is to have any simple dynamic 
meaning. In actuality the exponent is not an integer, so that a fit 
of the theoretical and experimental curves does not necessarily 
mean that the fundamental assumption is true. Studies on the 
rate of disappearance of the Iysin from a suspension of ghosts 
Ponder, also strongly indicate that matters are more 

complicated than the simple equation would indicate, and Ponder 
himself is inclined to substitute the idea of a varying velocity 
constant for the idea of an nth order reaction. Davson & Danielli 
and Da\'Son & Ponder (1940) have suggested that an 
element in the haemolytic process may be the permeability to 
cations induced by the haemolytic agent which would allow of a 
secoodaiy^ Donxmn swelling of the cell; if this secondary process is 
of !mfK>rtaiice, then the time required for haemolysis will be a 
function of the time required for the reaction of the Iysin with 
the membrane and the time required for the Donnan swelling 
40 proceed. Xevertheie^, the final equation derived by Ponder 
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provides excellent theoretical values for the time-diiuiiou i 
of many haemolytic systems, once the parameters have iMr-n 
determined, so that a constant, v, the quantity oi lysin usfxi up 
to produce complete lysis of the ceils under any set oi condhmm. 
may be used as an excellent measure of the activity of the lysin, 
or alternatively of the resistance of different cells to a civen K siiu 
The effect of temperature on all the constants in Ponder"^ rquaiion 
is, however, quite unpredictable, and cannot be expre-ed i!, .u v 
simple way (Ponder 8c Yeager, 1930; Gordon, . 

TABLE LXII. Comparison* oi- the resistance or cell- s.a 

DIFFERENT SPECIES TO SAPON IN AND HVPOTON ICITV POMO R, 


Saslow & Yeager, 1930 


Animal 

Resistance 
to saponin 

Resistance 
to saline 

Marmoset 

0-57 

M-4m 

Baboon 

o-r»9 


Lemur 



Squirrel 

0-9M 

« *-2T 

Green monkev 


0-43 

Man 

l-tH.l 

M-;i3 

Opossum 

MU 


Elephant 



Chimpanzee 

l-5,> 


Armadillo 


0 31 

Skunk 

3-7 

<t39 

Buffalo 

7'M 

M4*J 

Elk 

S-H 


Various attempts have 

been made to cor: 



the erythrocyte in respect to saponin uitli it> sen.-it:vity to tc. po- 
tonic haemolysis, and Rwosch 1907 gave the series -hown in 
Table LXI, column III, for the resistance of the eiy:hrcc\ te- o: 
different species to saponin, the most resistant s|Xfcies occurrin j 
first, as in column I. Rywosch pointed out that the c»rder^ of the 
species are in the opposite sense, the most resistant to saponin 
being the most sensitive to hypo tonicity, and it was supposed 
that there is a single factor in the membrane which determine^ 
the resistance to hypotonicity and saponin, this lactor acting in 
opposite senses in the two cases. Ponder et al, 193« » , by extending 
Rywosch’s investigations to twenty other mammals, found no 
clear relation between the resistance to saponin and to hypo- 
tonicity, as may be seen from Table LXII, where some of the 
species not studied by Rywosch are tabulated. It thus seems that 
the inverse relation obtained by Ryw'osch was the result of the 



accideiiial choittf* f4 nKiinrnals which happened to show this 
trial itviu the -iirja* iltctor postulated by Rywcsch is probablv 

Fr>n i!fIo perilled uut that the series of resistance to saponin 
i- the suinv tlie series* obtained from the phosphoric acid content 
oi' tile ceils, the most resistant to saponin having the smallest 
jshospliorir acid content: other suggestions have been made in 
rettard to the cholesterol content ';Yagi, 1911 ; Fabre & Simoniien 
and the cholesterol lecithin ratio Brinkman & Van Darn, 
1929 , The most recent work of Ponder and his collaborators, 
and of Koiier vN: Lazar 1027:, shows, however, that little or 
meJiin*.! i'* !o be d?n'i\ ed from these series of species, since every 
Ksin studied cdves a new series. 

idle fonnauon of a ghost after hypotonic haemolysis has already 
been described: irorn an erythrocyte suspension, after haemolysis 
with saponin, taurocholate, chloroform, etc., ghosts may also be 
obtained by centrifuging. The ghosts differ, however, from 
hypotonic ghosts by not l>ecoming impermeable to haemoglobin 
on addition of concentrated NaCl solution; this may be due to 
eitiier or botli of two causes: a the membrane on treatment with 
iias become permeable to cations over the whole surface, 
so that no osmotic shrinking can be brought about, or T i the 
damage caused by saponin is too great to allow of the repair of 
the membrane by shrinkage, as occurs, apparently, with hypotonic 
ghosts. Ponder & Marsland (1935) have studied the fading times 
during haemolysis wdih different concentrations of saponin; the 
results are shown in Fig. 59, and they indicate that the rate of 
escape of haemoglobin increases rapidly with the strength of 
saponin solution used to produce haemolysis. The best inter- 
pretation ot’ these results, ha\ing regard to the long fading times 
at low dilutions, is that sajx)mn attacks certain spots on the 
membrane preferentially and, at these spots, holes are formed; 
the greater the concentration of saponin, the greater the probability 
that the holes formed at the instant of observable escape of 
haemoglobin will be large and or numerous, and consequently 
the shorter the dme required for the escape of haemoglobin. The 
haemolysis product^ by saponin will hence be different from 
h\’|x>tomc haemol^^is in that a portion of the membrane may 
actually be Ic^t by the hole formation; hence a shrinkage by 
hyperionicity cannot close the gap in the membrane and thus 
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reversal’ of haemolysis will not be observable. Fricke & Cuiil:^ 
1935} have been unable to find any appreciable change in the 
electrical impedance of erythrocytes undergf>in<i saponin riaeino- 
lysis with moderate concentrations of the iysin, a fact which 
conforms well with the idea of one or more holes in tlie membrane, 
the rest of which is intact so far as its cation perniealhliiy is 
concerned. Furthermore, Ponder & Xeuraih 193> have sliown 


One in 



Time for fading 

Fig. 59. Effect of variation in saponin concentratiGn on 
the “fading time” of enthrocytes, 

that the amount of lysin used up by a ceil suspension is, when the 
dilution of the saponin is high, insufficient to provide a layer one 
molecule thick over the whole cell surface, a fact which obviously 
indicates a localised action of the K'sin; these authors discuss their 
results in the light of a possible holing of the membrane, and their 
paper should be consulted for a more complete discussion than 
can be given here. The failure of Abramson et ai, 1938 to observe 
any change in the electro-cataphoretic velocity of the er\ahrcK:yte 
after saponin lysis would further indicate that large areas of the 
erythrocyte surface are relatively unaffected by lytic action; 
however, the interpretation of electrokinctic studio is diffbult. 

i8 
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1 1 - i.ui iii’i'iid-'d iii ihis treainient of the phenomena of 

iv'i> l<> -i'.s' a complete catalogue of the various ways of 
iia h.!t;!]ioi\,-.is: however, there is a group of substances, 
kiiuv.:; i,iiu!<,i-d>narnic lysins, which present an interesting 
fi-.aai e. tiie clearitig up ol which may lead to important deductions 
ieuardittg the more general phenomena of haemolysis. Photo- 
d\Tiamicliaenio!ysis is caused by the action of visible light in the 
presence of a dye of the fluorescein class, e.g. eosin or rose bengai. 

'I he crt'ects of these dyes were first described by Tappeiner & 
Jodlbauer 11«»4 . Schmidt & Norman 1922, have shown that 
Ihe haemolvsis caused in tliis way is dependent on an o.xidatis e 
pnx’es> .md nsav lx inltilfited b\ reducing agents. Blum and his 
Cl ill.i if ir.itors 1 - 1 94i • have confirmed this interpretation, and 

thuracteri.sc the function of the dye stuff as a photo-sensitiser 
which is adsorbed on the surface of the erythrocyte and activates 
oxygen molecules in the close vicinity, which latter react with 
some constituent of the cell membrane. Blum s work also shows 
- and this p<.»irit Is the interesting feature to which we have reterred 
above that the chamres induced in the cell on illumination do 
not tnanifest themselves immediately, since after cutting off the 
illunur.aiio:; when a definite amount of haemolysis has occurred, 
or even when no haemolysis has taken place ( Davson Ponder, 
194i,t . an increasing amount of haemolysis is observed during 
several hours subsequently to the irradiation. 

Davson & Ponder il949 have investigated this ‘^after-light" 
phase ol activity and have shown that, unlike the illumination 
phase, it cannot lie inhibited by reducing agents, e.g. sulphite, 
so that its cause is not due to the persistence of the o.xidative 
chemical reaction initiated in the light phase. On the basis of 
Qi the photo-dvnanucally induced cation permeabilitv 
which precedes haemolysis, and the fading times of cells under- 
going photo-dynamic haemolv'sis, Davson & Ponder conclude 
that the "after-light” haemolysis is due to an osmotic swelling 
following damage of the membrane during illumination. The 
delayed action of the photo-dv-namic reaction, whereby haemolysis 
proceeds for some time after the reaction has ceased, is apparently 
a unique feature of this class of lysins; Ponder & Davson (un- 
published) have {MXividcd evidence that the reaction of saponin 
with the membrane runs hand in hand with the haemolysis 
produced, so that an alteration in the experimental conditions 
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during the course of saponin haemolysis has an immediate effect, 
and there is no “carry-over’’ from the originai conditions. 

The Effect of Accelerators. Ponder {1939} and Ponder & Hyman 
^1939) have studied the influence of certain organic substances, 
themselves not present in lytic concentrations, on the lysis pro- 
duced by saponin and taurochoiate; some of these suljstaiices have 
a remarkable accelerating action on the rate of haemolysis. 1 lie 
degree of acceleration is measured in terms of a factor 'R 1 r, 
where R is the ratio of the concentrations of the lysin required 
to produce complete lysin in a given time in the absence and in 
the presence of the accelerator. In Table LXIII values of 

TABLE LXIII. The effect of substituted benzene derivatives 
ON SAPONIN HAEMOLYSIS 1939; 

(/?— ly c is a measure of the acceleration; repr^ents the s<MubiIity of the 
derivatives in water 


Substance tested 

mM. per 1. 


C,He 

10-2 

- U'Oi! 

C«H,C1 

1-U 



0-5 

-U*2iJ 


0-5 



0*5 


77J“CigH4Cjl2 

0*5 



UT 


b-QHjBro 

UT 

.>.p» 




‘i-Li-4-CTi c:. 

u-lO 



are given for benzene and a number of its halo^ren 
derivatives; it is clear that iodine is more effective than bromine 
and chlorine in increasing the acthity ofbenzcne : ^^-diiodf>:.>enzeiic 
has a remarkably strong effect. Calculations made by Ponder 
indicate that the accelerator may exert appreciable action witliout 
necessarily covering the whole of the erythrocyte membrane, a 
point w’hich apparently conforms with the notion of a lfX:aiised 
action of the lysin. A further interesting point brougiii out bv 
Ponder’s work is that the reversibility of the effect of the accelerator 
depends on the time during which it is in contact with the ceils, 
so that if cells are in contact with benzene, for example, for as long 
*as 2 hours, the resistance of the cells to saponin is permanently 
reduced. Ponder’s conception of the action of an accelerator is 
that the latter penetrates the membrane and, by reaction with 
it, weakens it in some way so that the sul^equent action of the 



Ivsin Uiciliiate'^d. Il’ this, is the c;ise. a given substance will be 
a na:ire eiiicieiit accelerator the more it is concentrated in the oil 
of all o:!-\va.tei interlace, i.e. the higher its oil-water partition 
roi/n-icier.i. I rie large diiTerences in effectiveness of the substances 
t'xaniiued may then be due to the large differences which will 
probably exist in regard to their oil-water partition coefficients: 
a belter index of accelerator activit\- would hence be gi'cen by 
dividing R-l by c\ the concentration of the substance in the 
membrane, as opposed to the bulk concentration. Apparently, 
however, the diiliculties in determining pardiion coefhcienis of 
many oi'the compounds studied are too great to be surmounted; 
this point is adequaieh discussed by Ponder 1934^, pp. 181-4 . 

lliis brief re\ lew of the main experimental facts in the held of 
haemohsis reveals that this branch of the study of cell membranes 
is still |xx)rly developed, so that there are few results tvhich can 
give direct information regarding membrane structure. The 
results indicate that the erythrocyte membrane is not homo- 
geneous, since there are apparently spots which are preferentially 
attacked by lysins, with the result that holes in the membrane 
occur: tliis evidence is in conformity^ with the deductions of 
Danielli derived exclusively from analysis of the results on 
permeability studies Chapter vin ) . The main problem of how 
the lysin causes these holes, or structural infirmities, has not 
apparently been seriously attempted. The old notion that lysins 
were always lipoid solvents and that consequently ly^sis could be 
regarded as a dissolving *of parts of the membrane is obviously 
inadequate; however, the converse generalisation, namely that 
aii strongly lipoid soluble substances are lysins, apparently holds, 
so that a weakening of the lipoid constituents of the membrane 
is obviously a factor. Schulman & Rideal (1937) have shown that 
the extent to which a substance may penetrate a complex lipoid- 
protein film is strongh' correlated with its power of haemolysis, 
hence it would seem reasonable that in order to exert a haemolytic 
effect certain substances may have to penetrate the lipoid con- 
sutuentsof themembrane; the stability^ of the mixed film so obtained 
will depend on the nature of the substance and its concentration; 
Schulman & Rideal’s work w^ould indicate that with many 
substances an increased stability is first obtained, but the strong 
correlation betw’cen penetrability into a mixed lipoid-protein film 
and haemolytic power indicates that at least above a limiting 
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concentration, penetration would lead to the desiriiciion -ucli 
a film. The lact that saponin was found not to penetrate sucli a 
lipoid-protein film is, however, a point which rerjuiffts hinla^r 
investigation, since saponin is a very lysiii. Since heavy 

metals and protein precipitants may cause haeniol\ sk, it app*ars 
that a substance which acts directly on the protein co!iH!,iiyrrit*s 
of the membrane may also be haemolytic: vrlietla r or no: 
may separate the action of lysins in this way b, howet er. uul . 

Future research on haemolysis would apparently most r:: b 

be carried out by a development of the work of hciiulin j!: x 
Rideal. together with a \dgorous attack on the nature ol the 
interaction of substances like saponin and soaps with the membrane 
constituents. The fundamental conception }>ehind Ponder’s work 
is that the reaction is comparable with a simple chemical reaction : 
this conception has not been fruitful with reirard to results in the 
experimental field and a more physico-chemical basi» for die 
interaction should be considered. 
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CHAPTER XIX 


MEMBRAXE PERMEABILITY L\ RELATIOX 
TO SECRETIOX 

ByJ. F. Danilm i 

It is not intended here to discu?- the n^ld !a 

activity. Such discussion, in view ot the present ^ 

the subject, would be premature. We shall discuss cerudn 
mechanisms of secretion which have been proposed in relation lo 
the demands which these mechanisms make upon membrane 
properties. 

Secretion of IVater. It is generally assumed that il t\% a 
of different tonicities are separated by a rnein'nrane v. , a ' X 
to water, then water will flow from tlie solution of 
solution of higher osmotic pressure until the two solution^ le.tch 
the same osmotic pressure. This assumption is acciii aie only 
applied to equilibrium conditions, and frequently, e\en whh an 
inanimate membrane such as a dead pig’s bladder exiracied 
with ether, the initial movement of water is in the i:>pr>-Aire 
dircciior. to :h.tt predicted by considering only die rcuic ent:vi 
gradient. 

In view of this i: has been ^UTies:rd that a-re a, possi::Je 
mechanism by 'aliich water may be reir.ov-.-d fr-ni. the 
glomerular fluid by the tubules of the kidney, resuhin j in the 
secretion ofa hypertonic urine. The hypertordc fluid issuing rrorn 
the tubule could be a product simply of an iidtial tranue!;: 
mechanical flow of water into the fluid of the tubule cehi, etr.. 
and if the fluid were left sufficiently long in the tu'oule the direction 
of w'ater movement would be reversed, %siih formation c f a urine 
of the composition demanded by thermodynamic^. 

This suggestion, however, is based on a misundersiaridiric of 
the nature of anomalous osmosis. For whilst in anomalous 
osmosis the volume of the more concentrated side dimiriisr.fs. so 
also does its concentration, whilst the volume and concentratiori of 
the more dilute side both increase. Table LXIV shows an example 
of this, taken from Schreinemakers (1938) ; oxalic acid * solution Bi 
is separated from water (il), kept pure by constant flow', by a pig's 
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bladder. !i will l>e seen that the volujjie of the concentrated side, 
ij\ ilie >ide iA'^niaiinnir oxalic acid, diminishes continuously from 
the l'>ririnnin;.r the experiment; but the concentration on this side 
al -»i ‘rre.sse" . I f tlie membrane had been cellophane the direction 
fa'sw of the water would have been reversed, i.e. the volume of 
the more concentrated solution increases. 

I ABLE LXI\'. Diffusion* of water and oxalic acid at tJo* C. in 
THE system: 

J W\TER Pir.L BLADDER MEMBRANE B OXALIC ACID 

'll.r arr lui the arnounis ditfusing between successive determinations 


Didu.>ed B to A 


'Hit- 




oxalic 


jrn;. cjxalic acid 

gm. water 

acid in B 

<1 

0 

0 

S*08 

a 

1*57 

0-S9 

7*70 

9 

2-20 

2*5S 

7*19 

14-3 

im 

2-54 

6-72 

i»l 

213 

3-24 

6-20 

30*r» 

2*^2 

4*99 

5*48 

39-.J 

202 

4*94 

4*78 

5S 

4-49 

9*92 

3*47 

Kl» 

3’9a 

11*54 

2*20 

1m3 

2»»l 

10*50 

1*25 


1-51 

7*36 

0*60 



0*08 

0*11 


U-12 

1*6S 

0*03 


Since, then, even in anomalous diffusion the net effect is always 
to decrease the concentration of the fluid of higher concentration, 
anomalous diffusion does not suflice to account for the production 
of a hyi^nonic urine. 

One possibility, however, remains. Returning to the experiment 
with a pig’s bladder given in Table LXIV, we find that the net 
composition of the fluid which flows from the more concentrated 
to the less concentrated solution is usually much greater than the 
concentration of the solution from which it flow's. For example, 
between the third and ninth hours, movement from B occurs 
from a solution of initial concentration 7-7 °o, final concentration 
7dlL-\. oxalic acid. But the net composition of the material 
transferred from is 2*2 gm. oxalic acid, 2*58 gm. water, 

i.e. alxHit 45 % oxalic acid. Hence, if some means could be devised 
of trapping this net outgoing fluid, we should obtain a “secreted” 
fluid of ^ven times the concentration of the original fluid. So far 
no such scheme has been devised. 
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Salt Accumulation. Many cdls will accumulate salt hi ta-ir 
interior to a concentration far exceediint that in the iiornau 
environment of the cell. In some cases the osmotic pressure in tin* 
ceil is equal to that of the environment, but certain ions are 
present in the cell to the partial or complete exclusion oi otiici 
ions present in the environment. In other casins tlie miA 
celiular osmotic pressure may be greatly in excess of that iit trie 
environment. Into the first category iail cells such ti: -e of 
muscle, which maintain a K ” concentration of ahoat 
times or more that of the normal environment. Into th.e -cuorai. 
such cells as Xitella protoplasts. To explain this a considerable 
number of hypotheses have l>een put fbrw’ard, e.g. by TeorelL 
1935; Xetter, 1928; Brooks, 1929; Osterhout, 1933: Briggs, 1939; 
Hartley, 1937 and Conway & Boyle, 1939. 

Of these we may consider those of Xetter, I’eoreli. Conuay 
& Boyle and Hartley as typical. Xetter pointed our that if t^e 
take a membrane permeable only to cations, e.g. a dry colndioit 
membrane, separating solutions containing e.g. and K' Inh. 
at equilibrium we should find 

[H^], [K~J/ 

wi'.ere A and B refer to the two sides of the nierniTane, "[’ich 
follows from the Gibbs-Donnar: euuiUbriurn. Heixe ii ’H" ir 
greater than the:: .mu-: '.e greater than [K'"]-,, 

For example, Xetter took for initial s’xutior.s 

A = [M 140U K^SO,- .U lu hlpQ, 
and B — [M 14rib KoSOj — glucose pH T 

the glucose being added to equalise the osmotic pressure-. After 
13 days he found the following changes: 



Initial 

Final 

for potassium, 

1^1 H 

[K'j, 

for hydrogen ion, 

rxj-1 

[H-]« 

ro-1 

[H-]i 


so that there had been a secretion", or concentration ratio 
established in A relative to B^ of 25-foid — at the expend of 
loss of H"^. The only demands made upon the mmbram in this 
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eXf'MTiinriii tlicst it hiiould be permeable to H'*' and but 
Loi in .uiiniis, iJifier writers have pointed our that if there k a 
o/FEnraiMij- |n'»jdurii^#rj of an acid inside the ''cell" it is not 
iiri:rv.irv tfiat the membrane shall be impermeable to anions. 
fio:i>,ider t!ir‘ inlk.*\virie example -after Teorell^ , illustrated bv 
l iiL tio. In this diatiram the concentration of KBr on side B is 
kept constant and the [HCi] in A is kept constant. The membrane 
i*'. fXTmeafile to all the ionic species. Then, since diffuses faster 



Fit.,, fje. The concentrating of K" on one side of a membrane due to con- 
tinuous prcduciion of HCI on that side. 


than Cr, and K~, CF and Br~ diffuse at about the same rate, 
a potential will be set up across the membrane due to the rapidly 
moving H”" ions outstripping the Cl“ ions; this potential will not 
be neutralised by the K"" ions. Hence the side A will become 
negative, so that K“ ions will be attracted and CF ions repelled. 
This w ill result in an accumulation of ions inside the cell, and 
we should eventually find [K] [Cl] inside = [K] [CljouMde. Since 
the K* not neutralised by Br" will be neutralised by CF left in A 
by the rapidly diffusing the excess of over CF to diffuse 
through the membrane will be neutralised by the Br*" which has 
l^n prevented from accompanying the K"^ into the interior of 
the membrane by the diffusion potential. 
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Hartley (1937) has suggested a mechanisoi comhiniriir the 
actions of several membranes by wiiich a salt solution nia\ be 
concentrated at the expense of dilution of a second substance, 
continuously produced by metabolism. Consider the sysiern 
bounded by the three membranes A. A' and B Fitr. . .1 and A' 
are membranes only in the sense that they prevent convection, 
and are permeable to all substances. Membrane B is penrieai.b , 
in the simplest case, to water onh'. A diffusible predurt i- 
produced in the compartment 2 and if produced in -inri i^-ni 
concentration water will flow from 1 to 2 . Consequfrr.tiy mere 
will be a net flow of water from A to A', as shown by the loiitr 
arrow. Salts will accumulate in ( ly to an extent determined by 



Fio. 61 . Diagram to illustrate the concentrating of a salt soluti*. ri. A d, 
nietabdlite is continuously produced in 2 and is diluted h\ '.uir^r ri :: 
■ 1 . 'o that the salt solution in I becomes inc»re co 


the rate of production of the diffusible eta;' mile, the perriit*ai;'ia:\ 
of B and the rate of back diffusion ti.rough J. l"he 'aater reinovpd 
from (Ij will move out of A' together with the raetal>ol:ttv As 
Hartley points out, accumulation by such a process can:. or occur 
with only one type of membrane, such as either A or B, but with 
two ty^pes accumulation can be achieved \ery simply. Gadduin 
(1937) has suggested that this model of Hartley's is to some exten: 
comparable to a kidney tubule, 1 being the lumen of the tubule, 
and (2) a tubule epithelial cell. 

Finally, we may consider the proposals recently put forward 
for the concentrating of in muscle by Conway & Boyle i!l39 . 
They assume that the membrane of a muscle cell is permeable 
to H"^, and small anions, but not to other cations. Anions, 
such as those of phosphate and amino acids, diffuse through the 
membrane accompanied by The amino acids, etc. are 
synthesised into proteins and other non^iffusible anions, so that 
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ultifiKitf'Iv .t aiLMun: nt' anion is fixed inside the ceil, and 

fonH'L;i-L‘L’A' e^i' K'~ is electrostatically 'Mjound"'. 

i.e, irs^n- ditiii^irei out of the cell. The resting potential 

oi r!iu- le a- due to the '‘attempt*" of the K'" ions lo 

diJf'Oe o;n and to the restraini exercised on them by the noii- 
diihi^rhle neiiiaiive ions, 'fhis is a very promising theory. 

All these various sugurestions for ion secretion make demands 
on the iiieml^ranes of cells which are, up to a point, plausible, 
and may l>e reproduced within reason in experiments on models. 
But it has yet to Ije shown that any actual living system does in 
fact secrete ions in this wav. Many facts suggest that the pheno- 
mena are more ctJinplex than is supposed in such theories. For 
fx.iniple. the lestiri-e potcmiial of nerve and muscle is to some 
extern linked with metabolism. If, for instance, a nerve is put 
into an mmosphere of nitrogen, the resting potential falls off, but 
this is not due to an equalisation of K"" concentrations on the two 
sides of the membrane — in fact practically all the K” remains in 
the cell and the potential may be restored by admission of 
Cowan, 1934 . Then again, tvhen muscle is stimulated some K" 
!fa\es i!ie cell and some Xa“ enters. According to Conway & 
Bo\ Ie. the K " loss is due to formation of diffusible anions (lactate, 
FO|, etc. and the K is eventually restored to the muscle in the 
same manner as its initial concentration arose. But this does not 
account for the fact that the Xa^ which has entered is ultimately 
ex|K^lled again. 

Such facts as these lead to the conclusion that, although there 
may lx? a larye measure of truth in some of these proposals, they 
none of them correspond very closely with all the biological facts. 
The direct demands these theories make on membrane per- 
meability are simple and reasonable, but in actual fact the 
pernieabiliry of the natural membranes tvhich secrete ions is 
complicated to a degree which has not yet yielded to analysis. 

Secretion of Sugars, There are two, possibly separable, phenomena 
which need explanation : 1 certain sugars are able to penetrate, 
e.g. the iniotinal mucosa and the kidney tubule, much more 
rapidly than others, in the absence of certain poisons; (2) certain 
sugars may completely removed from e.g. glomerular fluid in 
the tubules, if phosphorylating reactions are not interfered with. 

Wilbrandt & Last (1933) and other workers have inferred that 
this acceleration of diffusion and removal of sugars is dependent 
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on phosphorylation of the migrating sugar nnjlecules. Vt-tv.ir :c 
McDouga! conclude i!l30 that “the selective absrjrpih>!i of 
glucose .',and galactosc; is a pho:5phorylanon of' these and 

acts by increasing the diffusion gradif*nt into the iniicosal cell'd 
This, however, is an over-simplilicaiion. tor pie alone 

can make no significant difference to the rate of penetration. 
Consider Fig. 62 : it represents diffusion of a -u.ar aero<'^ 

mucosa cell — the outer membrane exposed to the imeohma 
contents, is *4, and the inner membrane expos('d to t:ar ia.civ 
fluids is B. We will assume that the area of J is equal to ifj; ..re;, 
of B, and that both A and B are permeable to sugar. Then the 
initial concentrations for a sugar which penetrates without 
phosphorylation will be those represented by Fig. 62 a , and the 
final concentrations those of Fig. Mb. In the final state there 
would be equal concentrations of the sugar in the intestine and in 
the body fluids. Now consider the simple case of a phosphfjrylatiiig 
mechanism, which converts the greater part of the sugar Idcli 
enters the cell into ester Fig. 62 c , : this diffuses across the ceil 
to B, and in passing through B into the body fluids is convened 
back to sugar, presumably by an enzyme associated with the cell 
membrane B. From the point of view of the af>sorbing process, 
the efficiency of secretion is given by the amount ofsuuar passing 
iliroauh B. and this will ultimately be proportional to the ’total 
concentTwidon oi potendal i.e. .suiar — ester Just irt^ide J. 

The question is, ihereibre. De»es .a'd— t:or, iIlcrea^e the 

concentration of potential sutrar .tt d." Nd.ov f-.^r a concen- 

tration, C. of sugar in the intestine, the amount ot sujar entering 
the cell per unit time is aC, where a is a constant. Wiieri no 
phosphorylation occurs Fig. 62 a the amouiii leaving the ceil 
and diffusing back into the intestine is add where L’ is the 
concentration of sugar just inside A. When the sugar i.s phos- 
phoryiated C'=0 approximately, so no sugar diiluse< luick into 
the intestine. But potential sugar may, for ester dirtuse back 
into the intestine at the rate where C’’ is the concemraiion 
of ester just inside A. In free diffusion the rates of didusion of 
sugar and ester are practically the same actually the ester is 
rather slower), so that a is approximately equal to i. i.e. the loss 
of potential sugar by back diffusion into the intestine is essentially 
the same, whether the sugar is present inside the ceil as ester, or 
as free sugar. Consequently C'=C", and we conclude (ca^ i i 
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ilvAi pliospl^^nlition ^ihniv will make no diflerence to the rate 
ijf u:’ sinrar. 

A quiif' diiirrrKt -laie oi' altair> arises if \vc assume ^ case ii that 
luvUit .inv J U permeable to sugars, but relatively impermeable 



I ’ii’, Enecr of pho>pb : r>iation on the diffusion of sugar. Concentrations 
are pliftiec \er ::cally. distance horizontally. In case {a] there is no phosphoiyia- 
ior:. In ca>e r tiiere ii phosphory lation inside the cell and dephosphorydation 
at membrane B: ivj accumulation occurs if membranes A and £ are equally 
pemieable to sugar and to phosphoiydated sugar ;case in But, ’’ii), if the mem- 
branes are less permeable to ester than to free sugar, accumulation occurs. 
, i is an alternative version of r, ii with both phosphorylation and dephos- 
phcMy'lation occurring in the cytoplasm, 

to esters i.e. x>^j. Back diffusion is eliminated, and the con- 
centration of potential sugar will increase. If the area of A = area 
<£ B, the maximum increase in the rate can be calculated 
from diffusion kinetics to be a factor of 2. In practice it will lie 
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somewhere between 1 and 2, probably ne^arer u> I tiian Ci 2 
the cell membrane has a permeability to sugars ?.»i’ lie.' a; 
magnitude as have most other cells. A lurther increase in tiie n'i’e 
of absorption may be made by increasiriir tile ratio at^M .■! are.i 
since the greater the value of this ratio, the inaL^T ia“ lia- 
concentration of ester inside the cell. FunlKT'niore. no: i' 

the rate of absorption increased, but. sinc^- air:.o-: : o i t. 
diffusion occurs, almost the whole o!' -aaar or? o : : *n>‘ 

intestine or the tubule will \)e removed. 

Several points must be noted about this meciiani'in o: -esO' O'V.. 
(1 / Energy’ is required at the phosphory kition stage only -a p^ini 
where energy is usually available in cells; *2 the mechanism 
of secretion will not transport an unlimited amount of sugar in 
a given time, since the enzymes will become saturated with high 
concentrations of sugar; hence, at higher concentraiions ofsu^rar 
the rate of transport will be independent of the oiicent radon 
in the intestine; ,3 this ty’pe of active transport is available liU 
all substances which, on penetration into a cell, are easih 
synthesised into a substance whose rate of back diffusion througti 
the cell membrane is less than that of the original substance 

With regard to the details of structure of the secreiinu cell : 
membrane A may be similar to membrane B if the deph<.H- 
piiOryLating enzyme is inside the cell. All that is ne(;e'^^a^v is 
that the ceil meiinmane:^ ^r.ah ;.e les^ pf*r:ae-;: ,:e to than to 
sugar and that one region tc red n.u.. . on. an no: 
phorylating mechanism and another region :i:e aen’.. . -pnornien:'. i 
mechanism. This localising of the phosphcrylatin g svstern.' non* 
be due to their being part of the fixed structure of the cell, such 
as mitochondria, or to the presence of an intercellular membrane 
impermeable to enzymies, as shown in Fig. 62 a . 

Secretion of Oxygen into the Sztirn-Bladder f Fishes. I'he gas which 
is secreted into the swim-bladder of fishes is mainly oxygern I lie 
mechanism of secretion is generally supposed to irAolve tiie 
liberation in the capillary^ rete mirabile of the swim-bladder of a 
substance w’hich reduces the affinity of haemoglobin for 
Since GO^ reduces the affinity of haemoglobin for Og, it has been 
suggested that COo is the substance concerned. lr\ing & 
Grinnell (1939) have recently shown that the action of COg 
on the blood of fish is much more pronounced than on human 
blood, actually nine times greater. In the case of the brook trout 
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ihi?. mechaniMri lx* capable of filling the swim-bladder 

wiili pyre at a depth of 15 feet. The only property 

re«iian;d b\ jie/inbraiies in this mechanism is that the wall of the 
^wini-bLeider shall lie impermeable to O^. That this is so has 
Ijrrii bhuwu liv Eolir . It yet remains to be shown, however, 

trial this is the correct inechauism, and how COo is produced in 
sullicieiii qiiantiiy in tlie correct place. 
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THE KIDXEY 

By H. DAVhOJi 

Xhe removal of the waste products o:' ;.::i o: 

exogenous materials from the blood is t.:'.:!/;- 

and consequently we may expect lo Slid in liii- 
membranes are adapted to differentiate beiweeii those sub 5 r. 1 r.crs 
which must not be allowed to accumulate in the bkxxi and 
which at all costs must be retained. Hence it is to t>e expects 
that the specific excretory functions of the kidney will present 
many interesting problems to the student of cel! p^*: n :* a , and 

this is indeed the case. \’arious aspects of kidney funcTior. ha\ e 
been reviewed in recent years Smith. ]0B»h I KIT: M.urii.dL 
1934; Richards, 1934: Wimoii, 1937; Shannon, 193!1 . and :i. 
this chapter nothing more will be attempted than to pr^^eni ai: 
integrated picture of renal processes in so far as it will indicate, 
to those primarily interested in permeability, the pc^ssibiiitirs 
research, and the complex iiies of the system. 

Ine iimctionai unit of the kidney b the nephron, c 
the reaai corpuscle a:;d the re::.;l laoule. tbe hater helnc divided 
into three parts, the proxiii.i.1 ..:.c chiul n. , .1-- and 

the intermediate portion, the loop o:' Henle. I : :n.,.l . .:pa,-ne 
may be viewed as the blind dilated extremity oi the tubule, xn :: 
as Bowman’s capsule, in which is invaginated a bunch of capillar, 
vessels, the glomerular tuft. From Bowman's capsule a short necK 
leads into a proximal convoluted tubule and this into a U-shaped 
portion, the descending and ascending limbs of the Ic>op 01 Henle ; 
the latter passes into a distal convoluted tubule Fig. b3 . The 
distal convoluted tubule, by means of a connecting tubule, passes 
into a collecting tubule and eventually into the ureter. The 
capillaries in the glomerular tuft are deri\’ed from an aiierent 
arteriole. They show no anastomoses and are collected to ibnii an 
efferent vessel ; the efferent vessel in the mammalian kidney “oreaks 
up to form a new set of capillaries which this time supplies either 
the proximal and distal convoluted tubules, Henle’s loop and 
connecting tubules, or ail according to the pc^tion of the 
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fikiii.s:: Udr^:' 

iJi k.- 

td^nid -UlJpK 


kidin li sjiould be noted that in the mam- 
■ !; are supplied entirely by blood whicli 

ajuali the 

:t‘s Ijelow inainmals all species have a double 
>t* atlereiu glomerular vessel and the renai 
Jourdaiii; 


NmIL Spanner, ihL^4;. It is 

ueiieraih kdieved that the bloods 



mix freely but, as we shall see, the 
numerous experiments of Hober and 
his school would siroriuiy indicate 
that tJie two firculaiion^ are tunc- 
lionalh separate, at least under the 
conditions of dual perfusion of the 
two systems. The distal convoluted 
tuliole in these species is supplied by 
the eifereni glomerular vessels, and 
the proximal convoluted tubule by 
fjraiiches from the renal portal vein. 

Chert ain species, namely the toad- 
lisii OisaKu, :au^ and the goose-fish 
plsiutjfiuj^ , are called aglo- 
nierular, since the nephron is lacking 



Her.!e's loop 


a glomerulus; in these cases the Fig. 63. Diagram of kidney 
absence of the glomerulus is to be structure. Part of the capillar>- 
looked upon as a differentiation of 
tne glomerular kidney to allow of 


adaptation to a salt-water environment (Marshall & Smith, 1930j. 

The generally accepted view of the process whereby the kidney 
is able to excrete substances from the blood is, with some important 
modifications, that of Cushny (1917), who view^ed the process as 
consisting a of a process of ultra-filtration of the blood in the 
glomerulus, whereby a fluid consisting essentially of blood minus 
proteins is formed in Bowman's capsule, and (b) of a process of 
reabsorpiion of necessary^ blood constituents, salts, sugar, amino 
acids, etc., during the passage of this fluid dowm the tubule. 
Metabolic products such as urea, creatinine, etc. and some water 
are left behind and this solution finds its way to the ureter and 
the bladder. Within recent years evidence has been accumulating 
to show’ that the process of filtration plus selective re-absorption 
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is not sufficient lo account ibr ail the phenomena of renal e\t.rrn= 
so that a third process has been invoked, naineh thai tihanu: 
secretion, whereby substances are secretexi directiv ironn tla* L: > .kI 
siippiyint^ the tubules into th(f lumen of the laut‘r. ! iitxe iliirr 
steps in the formation of urine, giu'^Kerukr 
ahsorption and tubular secretion will be dirscussed 

Glomerular Filtration. Glomerular fikra:: .‘i: i- ' ';nn;,nl% 
filtering off of the proteins from plasma tar .ajr: a r.a. 

impermeable to these but permeab.” : me rem a.a: 

stituents of the blood; hence the factors operative in me p: .cte* 
should be qualitatively similar to those involved in the funnati^ia 
of tissue fluid (Chapter iii). Quantitative differences niasi W 
expected since the filtration, to be effective, must l>e continuous 
and rapid. The essential factors to be investigated in deiertnining 
the fact of simple filtration in the glomerulus will be die iiydro- 
static pressure in the glomerular tuli this must be iiigli 
to allow of a rate of filtration appropriate to the urine formation 
and, acting against this hydrostatic pressure, will be the coiioid 
osmotic pressure of the plasma proteins. The effecii\ ei;ess ot the 
filtration pressure, i.e. the difference between the hydrostatic .ind 
osmotic pressures, will be influenced by the resistance lo now 
through the tubules. 

la the tVov the Dres^ures in domerular turn hm'f 
measurra h'dtm pcrhi-.d :..r.h....f • : u- 

found for living mc.m .. ;m--,nn o' OT-b n ..m, 

HoO ; for the systolic affereni arterial presmn*. o 1 ■ ? * ^ : n. . H xj. 

and a glomerular capillary pressure of 2u-2i;b-^ cm. HjJ. In 
only 11 out of ISl experiments did glomerular capillary pressure 
fall below lU cm. HoO, the value of the colloid osmotic pressur.r 
of the plasma proteins in the frog. In the mammalian kidney tin 
pressure relationships have been subjected to a rather more 
searching analysis. Krogh ,1929. and Rehberg 1935 have 
deduced from Landis' (1927 j measurements of peripheral caphlan- 
permeability that the minimal effective filtration pressure it> 
produce a normal flow of urine is 80 mm. Hg: if we allow 
colloid osmotic pressure of 40 mm. Hg this is the value lor the 
most concentrated plasma which will be present in the glomerulus 
and a pressure drop along the tubules of 25-80 mm. Hg, it is 
clear, as Winton (1937) in a frank and stimulating review points 
out, that the glomerular blood pressure is inadequate for its 



il all ?raiiinat<‘S taken together are correct. Wiiiton 
iht- inliueiice ut’ venous pressure, ureteral pressure. 
s\sieni.). aneriil pressure atid inira-renai pressure on the formation 
oi unne. and that the minimum arterial pressure below 

w iiu. fi uritie lonnat ion ceased, or alternatively the limiting ureteral 
pressure al>o\ e which urine ibrmaiion ceased, are not necessarily 
measures of the hiiration pressures in the glomerulus. 

An iirqKfrtaru tispect of the glomerular filtration hypothesis is 
the relative concentrations of substances in the glomerular fluid 
and the IiIckx! plasma. In the frog and Secturus the fluid in 
Bowtii.iifs capsule is sutiicienily accessible to allow of its with- 
drawal. a proved uj'e which has been successfully carried out by 
Richards anti lii> school, and the fluid together with plasma or an 
iiitra-filtraie ui the same have been analysed by methods specially 
adapted for the small quantities of fluid obtainable. 


I \BLE L\\. CoMPAKI>.ON OF THE CONXESTR.ATION’S OF CHLORIDE 
IM pros; FlArM Gf t MERl 1 AR FLUID A.ND BLADDER URINE FrEE.\I\\ 





Percentage difference 


.i.snwr 

.i-Lj Bladder 

Glomerulus ~ Plasma 
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0-07 
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u>:iH 


- 0-3 
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h-33 
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M-31 
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H L’tl 

M-3<» 


“M54 

h47 

0-43 

UtH> 

- 8-5 


H-41 

005 

^17-1 


047 

0-CK»S 

-11-9 

o-4m 

M'3S 

0-03 

•foO 

In Table LXX 

some 

comparative concentrations of chloride 


have fxxm selected from the paper of Freeman et al (1930), and 
it may be observed that the concentrations, which should be 
appro.ximately equal, actually differ in some cases by more than 
the limit oi IO^'q imposed by the experimental errors; however, 
the absence of a systematic deviation in either direction with these 
results, and more especially with similar analyses of urea (Walker 
& Ekom, 1930), phenol red and indigo carmine (Richards & 
Walker, 1930), glucc^ (Walker & Reisinger, 1933), inorganic 
phosphate (Walker, 1933), creatinine (Bordley et al, 1933) and 
uric acid i^Bordley & Richards, 1933), suggests that chemical 
evidence is strongly in favour of the hypothesis that the glomerular 
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fluid is iormed by a simple process of filtration.. Similarly, the 
equality of osmotic pressure, determined by Barker's method 
(Walker, 1930;, and electrical conductivity Bayliss & Walker, 
1930) %vith those found in ultra-filtrates of iro^ plasma is also 
strong evidence of an absence of any secretory pnxess at this 
stage of urine formation. 

In the mammal, where the glomeruli are not accessi:/!'* to 
puncture, more indirect methods have been used, condsiinj cf 
studies of the \’ariation of urine flow with variations in t::e c o/a id 
osmotic pressure of the plasma and the other physical :ac:or> 
enumerated earlier (Winton, 1937^ , and also chemical analyses 
of the urine in cases where tubular re-absorption and secretion 
of the substance analysed can be ruled out. An important piece 
of evidence regarding the presence of a filter in the process of urine 
formation is that provided by Bayliss et al. 1933 . who showed 
that after injection into the blood of cats and rabbits only proteins 
with a molecular weight equal to or lower than that of haeiuo 
globin were excreted <^Table LXVI . ; haemoglobin was found to 
be excreted only when the plasma level exceeded a certain amount. 
Histological studies of the kidneys after the experiments re\ ealed 
no evidence of kidney damage, and it was also found that the 
kidneys did not eliminate foreign plasma proteins, e.u. the serum 
albumin of an ox was nor excreted bv the cat. 

TABLE LX\ i. The . 

AND RABBIT AND THE I:jOLA7ED PERI- 7-7 1 R 7 ; 

et al. 1933 ; 


Proteins excreted: 

Molecular vo 

Gelatin 


Bence Jones 


Egg albumin 

34,o< H • 

Haemoglobin 


Proteins not excreted: 


Haemoglobin 


Serum albumin 


Serum globulin 


Edestin 


Casein 


Haemocyanin 



Another line of evidence is given by the study of the dimmas 
of certain compounds. The clearance is defined by the ratio 
U,VIB, where U is the concentration of the given sutetance in 
the urine, V the volume of urine formed per imnute (hence IT 



h afi/Muhi Ml' «-‘X€nned per minute' and B is the 

csinreiur.iiif.ui in the IiIikxI. Hence the clearance represents the 
ainom.' -si' ljlr>jxl 'ahich mu>i be filtered completely to the 
ipjaaiiiy oi tht' >ii!\>ia!u*e found in the urine in i min. of flow, 
and tliuh eenild Ije a measure of the filtration rate if effects due 
to tubular rc-ubvarptiori and secretion could be eliminated. With 
substaiicrs, or under conditions, where these two effects of the 
tubules may l>e ruled out. e.g. inulin, creatinine (in the dog. 
rabbit, sheep and seal or glucose (in the phlorizinised dog. 
dogfish, sheep and chicken , it is found that the simultaneous 
clearances of these three substances may be equal, a point which 
IS !>esi rwplained in accordance %vith a simple filtration process 
in the glomerulus, since it would be very unlikely that the 
seercuion of such dissimilar substances would be quantitati\ elv 
the same. 

The identity of inulin clearance with glomerular filtration rate 
is a matter of great importance, since we have here a means of 
determining, under strictly physiological conditions (inulin is a 
polysaccharide and non-toxic', in humans and e.xperimental 
animal's the rate of gIomeru!a,r filtration; with this definitelv 
know ti the factors of tubular re-absorption and secretion can be 
placed on a quantitative basis. Inulin has a high molecular 
weight ca. , hence its active secretion or re-absorption is 
unlikely a priori owing to the large structural changes in a cell 
membrane which w’ould have to be achieved to allow of its 
entrance; it is completely filterable from plasma by artificial 
membranes and the frog's glomerulus, it is not excreted bv 
aglomerular fishes, the plasma clearance is independent of plasma 
concentration, and perfusion experiments, in which glomerular 
filtration is excluded by the low aortic pressure, indicate that it 
is not secreted by the tubules of the frog, dog and rabbit.* All 
these facts taken together make a convincing picture of the value 
of inulin clearance as a measure of filtration rate. 

A final argument in favour of the existence of glomerular 
filtration is provided by a study of the comparative physiology of 
giomenilar and aglomerular kidneys; in the former practically all 

* The e^'Mence is summarised in detail by Smith (1937) and Richards et al 
I93S ; the credit for the important discovery of the usefulness of inulin goes 
to the laboratoiies both Richards and of Shannon & Smith, who undertook 
their investigations independently. 
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foreign substances injected into the IkkIv a.re * :r. 

the latter this is by no means the case, e.ir, during iivpe-rjh^ r na.: 
glucose is not excreted: injected f<*rroc\anulte r\Aii>n. 
sucrose and iniiiin are also not excreted. 

Tubular Re-absorpiwn. The re-al^sorptlon ic-.ii:-. 
acids, etc. is a necessary consequence of the t::» 'in^:'r:;ha n.:: it;* 
theory, since otherwise the blood would ve r deyf - i 

its necessary constituents; hence research r.a- l-.u:'' h ta ’ 
to a study of the site of re-absorptioi: of the .a:h . a : 

and to a small extent the rricchanism or this re-u 





micro-manipulative and cheiraca. n.ctaeC^ e. -.a^. a:- 

collaborators have lent themselves to a study o! t::e ”U:r : > 
absorption, since by this method it has been possible to measure 
the concentrations of various substances successively ir, tiie 
glomerulus, the proximal and the distal tubules. It must be 
remembered that the re-absorption of water will modify tlu' 
concentrations of substances in the tubules and this eii'ect in us: 
be allowed for; similarly, tubular secretion may also ma>k re- 
absorptive processes, but this is not very’ likely since the two 
processes are physiologically incompatible. In Fig. 04, taken from 
Richards (1934) , we see the variation in the glucose coiicenmiiion. 
as a percentage of the plasma value, as the fluid parses f»!ii the 
glomerulus to the ureter. In this case it is found that the re- 
absorption is generally complete before the proximal tubule is 
traversed. Perfusion of the distal tubule with a glucc^-Ringer 



■s-ihnlim hiillc.ih-d ilia: uluco'?.* h nut re-absorbed there. Phlorizin 
oenpleuav inhibh' the re-al.eorptivu process, and the increase 
if! ci uj,s?Tved in this citse is due to the absorption 

w.iV'T. iMinrjariMjii oi‘ tlie total molecular concentrations of 
sulo:.ua:es in Irou and Xecturu^ doinerular and tubular fluids 
sln.ms that die selective re-absorption of salts occurs in the distal 
tubule: as a result of this re-absorption of salts being greater than 
tlie re-ai);sorpiion of water the urine of the frog is hypotonic, 
whereas in mammals it is found that the urine is generally 
hyfXTtoiiic. ’Comparative physiological studies of Peter, quoted 
hv Marshall, PJIU, indicate a strong correlation between the length 
of the thin s?'j:rn?;!.t of Henleb loop and the ability to secrete a 
rrmcentr.iU-d urine* sugzestinti that this portion is the site of re- 
*ibs^>rptis>ii oi’ water. 

We niust conclude that in re-absorbing the constituents of the 
glomerular fluid the tubule is performing work, since we find that 
glucose may completely re-absorbed, and this obviously indicates 
a transference of solute from a medium of low’er to one of higher 
concentration. liiis work will be provided by the metabolic 
aciiviiv tubular epithelium cells, and consequently we may 
nxnaii die action of phlorizin as a specific poisoning of the 
tnitahr^i r:"y:»n':‘ le for this re-absorptive process. We can, how- 
tner. conceive of a re-absorption of some solutes as a simple 
ditfiision prextess as a result of the concentration gradients set up 
hv the absorption of water from the tubular fluid; in this case, of 
course, re-absorption will not be complete. In the phlorizinised 
rro'^r elucose. xylose and creatinine clearances are equal, but they 
are all below that of inulin. which indicates that back diffusion 
of glucose. x\ lose definitely shown by Richards by perfusion with 
Rinirer- sugar and creatinine by a simple diffusion process is 
possil’Ie. at least in the presence of phlorizin. Such back diffusion 
does not occur with man, dogfish, dog, chicken and chimpanzee. 

It may be noted here that the action of phlorizin is apparently 
specific for sugar re-absorption, since the re-absorption of water 
chlorides and phosphate is unaffected by this substance; whilst 
other |X>isons such as CX~ and urethanes apparently block all 
re-ate^dve processes {Davdd, 1924, 1925). 

In Fig. 65 w^e ol^rve a striking rise in the concentration of 
urea, phosphate and glucose (in phlorizinised animals) in the 
distal tubule, indicating either a considerable secretory activity 
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on the part of the distal tubule regarding ihe^e e.!'. 

alternatively, that re-absorption of water <x:curs to a lar^^tr 
here than elsewhere. The much larger conceiiirati».>n oi urea c:ar :a #t 
be accounted for by water absorption, as one u'ouid ex|> 
phosphate and glucose to be concenirated hj same r\u-‘nu 
unless, of course, back diffusion occurs in it will a 

later that urea is secreted by the tubule> of tr:- :r , I:, 
mammal it is observed that the clearance of unw : r rn 
dependent on the rate of urine dow v. rien trii': i -srri.u.: 
it is found that the clearance is alwavs ie'^.s than the sin: in:. 



Distance from glomeruIuN 



inulin clearance. I'his latter pom: ur.dou.jte..:/;- . le- 
absorption oi urea, but whether it is a simp.e nacK-cir: 
process or not is difficult to say; the dependence on urii.e tio\% 
would certainly indicate a simple diffusion process '^nannjn. 
1938(2;, but the matter is complicated and has not been nr.a.e* 
solved. In the elasmobranches it has definitely been sno^vr. itnii 
urea is actively re-absorbed Smith, 193h . but this is uncer- 
standable since these fishes require a high blood concenirat: e: t > 
maintain their osmotic pressure. 

In mammals little is knowm about the re-absorption o: Xa . 
K’^, Cr and HCO3; it is known that they must be ac:iyel\ 
re-absorbed and further that there are probably independeiu 
mechanisms for the absorption of each of these ions, since in 
alkalosis HCO3 is excreted (i.e. re-absorbed to a smaller extent 
in preference to Cl", and in ablation of the adrenal emtex Na' is 
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excnnrd mii’I'T K not: similarly, injection of KCI causes 
i!irre.i?-ed K ' r.'UKei althouLfli that ofXa^' may be unchanged. 
l}v‘ i-e-eiun .auun is re-absorbed almost completely: 

siiuilarlv. Br” a.!;d I”': XO^ and CIO^ are re-absorbed rather less 
rapidjv„ It may ije arymed, in the case of a foreign anion such as 
CXX 'd that as a result of the re-absorption of water in the tubules 
concentrations of all these substances will be increased to such 
an extent that back diffusion will account for all the phenomena 
of re-absorption: however, with ions such as and 1“ it is 

known that complete re-absorption will occur only if the plasma 
concentration is below a certain threshold ; Pitts, 1933^ ; if the 
coiicentrati'jn rises, excretion occurs: this would be difficult to 
account :or «>n the ixisis of a simple back-diffusion process as it 
would have lo be assumed that minute changes in phosphate 
concentration changed the permeability of the tubule wall quite 
considerably, whereas such a sensitivity has not been found with 
other membranes and on the other hand it is known that enzymatic 
processes are ver\ susceptible to small changes in the ionic milieu. 
Lauk^ & Holier 193f» , using the dual perfusion technique with 
the frou. ^i:o\^ed iha: CX^S” is actively secreted by the tubule, 
Br is re-absorbed and i~ is neither secreted nor re-absorbed. 

Ill the iro:i. phosphate is concentrated in the distal tubule 
Walker & Hudson, 1937 , but never more than glucose in the 
presence of phlorizin : in the proximal tubule these authors state 
that a variable degree of active re-absorption may occur : if the 
tubule is perfused with Ringer containing more phosphate than 
that present in the plasma diffusion out of the tubule occurs. 

At this point some work of Hamburger & Brinkman (1918) may 
be mentioned. These authors perfused the kidney of the frog from 
the aorta and observed that with a sugar concentration of 60 mg.^ ^ 
a sugar-free urine could be obtained; later Hamburger (1922) 
showed that of a number of sugars only glucose was completely 
retained, whilst /-xylose and t/-ribose were partially retained, i.e. 
there was some re-absorption of these sugars, and ^/-mannose, 
^/-fructose and /-arabinose were completely excreted. Hober 
1933j developed this work of Hamburger’s and gives the following 
series for the relative degrees of re-absorption of the sugars : 

glucc^ > galactose > mannose > fructose > xylose > arabinose, 

and points /t© a jimilar series in the intestinal absorption (Cori, 
1925; Wilbrandt '& Laszt, 1933). That a genuine re-absorption 
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was occurring in each case was shown by tlie anion oi - n.io ra . 
phenyl urethane, addition of which to the perlu-ioii iiuki a 
an increase in the sugar concentraii«ji! iii the urine: nevertia 
it is clear from Hober's results that the kidne^y- were r.ipidh 
their ability to re-absorb chloride in practicalK no was 

the urine chloride free and it was often as hirii ao *hai 

more than a qualitative significance ifoin reMih- tid- ^ r: * * 
perfusion is not to be expected. An inieresrire/ point ; ooio roa 
by Hober w’as the impermeabiliiy of ihe tuduiaa. ::o :.o a a ^ ? 
all these sugars in the direction blood — tubule; t,/.' :a* 

made use of the dual circulation in the frog kidney whereiiV on 
perfusion of the renal portal vein access to the iriornerali is 
excluded; perfusion of the tubules in this way gave no evidence 
of the penetration of any of the sugars into the tubules: this 
impermeability to glucose was not affected by phlorizin, hi a 
later paper Schmengler & Hober : 1933 ha\e studied tlie m*r- 
meability of the tubular membrane in the directifir: of Islf cd - 
tubule to a number of lipoid insoluble substances with varxintj 
molecular volume and have shown that their rate of en!r\ U 
apparently determined by this factor !iipoid-solul.)le substances 
had previously been shown to penetrate ver>’ rapidh : thus with 
amino compounds the order w^as roughly acetamide > thiourea > 
meihyiurea > lactamide > nialonamide > Luircrarnidc^ > creiitinme 
> asparagine, the last inendcned e . 

for hydroxy compounds :i:e ab.ov.ir.c i 

glycol > glycerol > di-hydroxyaceiune > giUC - re > .. ::e.‘ 

last mentioned not penetrating. 

Liang (1929 , using the same perfusion technique, claimed that 
w'hereas CNS”, and Rb"^ diffuse in the direction bhxd to 
tubule, I~, Cr, SO 4 ” and HPO 4 ' do not. 

An interesting demonstration of the close connection ix'rween 
glucose and xylose re-absorption is that of Shannon Itc'h * , 
who show’ed that if a dog’s plasma glucose level i- raised to 
the extent that glucose appears in the urine i.e. niaxinad 
re-absorption of glucose is being attained in the tubules, shannon 
& Fisher, 1938) all the xylose injected is excreted, indicating 
an absence of re-absorption; it appears safe to conclude with 
Shannon that the absorption of glucose and xylose is mediated 
by the same metabolic activity and that glucose receiv es pre- 
ferential treatment. 
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Tubular Secretion, The demonstration of an active secretor\' 
transport of a substance from the blood stream directly into the 
tubular lumen is due in the first place to Marshall & Vickers 
fl923) and Marshall & Crane (1924), who showed that the 
amount of phenol red excreted by the dog was greater than that 
which could be accounted for on the basis of filtration through 
the glomerulus and by direct chemical analysis of kidney tissue 
showed that urea and phenol red were concentrated in the tubule 
cells of the frog and only phenol red in the case of the dog and 
rabbit. Edwards & Marshall (1924) later proved by direct 
observation of the proximal tubule cells that these accumulated 
phenol red: they also showed that the clearance of phenol red 
(i.e. the amount of blood which would have to be filtered to give 
the amount of phenol red found in the urine in one nainute) 
depended on the plasma concentration of this substance, increasing 
with increasing plasma concentration only up to a certain limit. 
Urea, on the other hand, showed no such behaviour in the dog, 
and it was consequently argued that if phenol red is excreted only 
by a filtration process the clearance should increase linearly with 
the concentration of free dye in the plasma. 

Since this work, a large literature on tubular secretion is 
accumulating and has brought to light an amazing diversity in 
behaviour in regard to the substances which are secreted by the 
tubules in different species. Thus creatine is secreted by the 
glomerular and aglomerular fishes but not by mammals ; creatinine 
by the glomerular and aglomerular fishes, by the chicken, man 
and the apes but not by the dog, sheep, rabbit and seal. Urea is 
secreted by the tubules of some fishes and the frog but not by 
Xecturus^ the chicken or mammals, and uric acid is secreted by 
birds and reptiles but is actively re-absorbed by the tubules of 
mammals. (For references, see Shannon, 1939.) 

The dependence of the clearance of a secreted substance on the 
plasma concentration, mentioned above, is important, since it 
can lead to conclusions regarding the mechanism of tubular 
secretion; as a typical example of the sort of results which have 
been obtained some curves of Pitts (1938) are presented. Fig. 66, 
in which the phenol red excreted in mg. per c.c. of glomerular 
filtrate is plotted against the plasma phenol-red concentration. 
Curve A is the curve for the total phenol red excreted, and we 
ol^CTve that there h a sharp rise at low concentrations and then 
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an almost linear increase with a much more gradual slope. If, 
now, allowance is made for the phenol red excreted by filtration 
through the glomerulus (simultaneous determinations of inulin 
clearance made this possible), we get curve C, the phenol red 
secreted by the tubules, and we observe that after the rapid 
increase the curve becomes horizontal, indicating that there is a 
maximal rate of secretion which is achieved at a plasma con- 
centration of about 5 mg. % . Cur\^e B shows the phenol red 
filtered per c.c. of glomerular filtrate, and as we would expect 
this is a straight line through the origin and parallel with the 



Fig. 66. Phenol-red excretion. Curve A, total phenol red ; curve B, phenol red 
due to filtration in glomerulus; curv'e C, phenol red due to secretion by tubules. 

latter part of curve A. As Shannon (1938r) has pointed out in his 
work on the tubular secretion of phenol red in the aglomerular 
fish Lophius piscatorius^ the demonstration of a maximum rate of 
secretion leads to the inference, among other things, that the 
tubule cells have no passive permeability to phenol red in the 
direction of blood to tubule, so that transport of this substance is 
determined entirely by an active metabolic process. Shannon 
(1939) has set up a scheme for tubular secretion based on the 
following chain of reactions: 

A is the solute in the interstitial fluid aroimd the tubule cells, B is 
a cellular component with which A must react. 
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11k* rate feactioK AB -T determines the amount of the 
wlhtli c;i!i iransterred xo the tubule lumen, i.e. it 
eirrniii:^^^ the Dit*:’ tubular secrefioii, T,. under any conditions, 
hi'^ pLii; leads K> the equaiion 
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where a is the arterial plasma concentration, is the rate of 
tubular secretion, is the maximal rate of secretion, V is the 
rate of flow of bkxod through ilie vessels supplying the tubules. 

This rcfyation lias l^een applied to various systems and the 
theoretical cur\e- fit the experimental ones remarkably well: 
however, it is didiculi to see how such a theoretical set-up, 
involving as it does the arbitrary assumption of chemical reactions 
oi’ an unknown nature, can lead to further advances in the 
elucidation of the mechanism of secretion, and whilst we do not 
wish to under-estimate the value of such a treatment as a stimulus 
to further research on the actual nature of these postulated 
chemical relictions, it would seem that more rapid advances will 
be achieved by a more direct attack on the nature of these reactions 
responsible :br actit'c transport. 

An iiiiportan: contribution to the problem of tubular secretion 
is the study of Chambers & Kempton (1933) on cultures of the 
chick embryo mesonephros. It was found by these authors that 
transplanted fragments of proximal tubules became closed 
cylinders owing to closure of the ends as a result of the migration 
and rearrangement of cells. These tubule fragments soon became 
distended to form cysts, and if the distension was sufficient the 
cuboidal epithelial cells became flattened. It is quite clear that 
this distension betokens some secretory^ activity on the part of the 
tubule cells: it is, however, not due to a difference of osmotic 
pressure created by the accumulation of solutes from the incubation 
medium, since Keosian 1938 < has shown that the fluid within 
the cysts is hypotonic to the outside medium; consequently, the 
secretion involves the active transfer of water into the lumen 
against an osmotic gradient, and in this connection it is worth 
m>ting that Bieter (1931) has showm that the aglomerular fish can 
secrete fluid into its tubules against a pressure greater than that 
existing in the aorta of this animal. 

Injection of phenol red into the incubation medium caused the 
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walls of the tubules (i.e. the epithelial cells; to become coloured, 
and soon after, colour appeared in the tubular lumen. The 
succession of changes is shown in Table LXVTI and it is evident 
that the dye changes from the pink colour it has in the slightly 
alkaline culture medium to a yellow in the cells, indicating that 
the latter become acid; in the lumen, however, the colour was 
pink or red, indicating an alkaline medium. In general it was 
noted that the really great accumulation of the dye occurred in 
the lumen (if the medium contained 25 mg. *^0 the lumen might 
contain as much as 500-700 mg. %y, so that it is quite possible 
to observe a coloration of the lumen with no intermediate 
coloration of the epithelial cells, and consequently we cannot 
regard tubular secretion as a concentration of the dye in the ceils 
from which it diffuses passively into the lumen. 

TABLE LXVII. The colour sequence of the walls and lumen 

OF CULTURED CHICK PROXIMAL TUBULES, IN THE PRESENCE OF iOM TO 
150 MG. PER LITRE OF PHENOL RED IN THE CULTURE MEDIUM CHAMBERS 


& Kempton, 1933) 

Colour 


Period of culture 

f " 

In wall 

In lumen 

2 min. 

None 

None 

5 min. 

Extremely pale pink 

None 

15 min. 

Pale orange 

Some pink 

35 min. 

Orange 

Pink 

2i hr. 

Orange 

Pink 

hr. 

Yelluv. 

P;:;k 

24 hr. 

Pale ycllov. 

Red 

36 hr. 

Colourless 

Pink 


It was observed that, in contrast to the behaviour of the 
proximal tubules, distal tubules never became distended, nor did 
they accumulate dye in their cells or lumen. In cultures in which 
proximal and distal tubules could be seen to be connected, it was 
found that the coloration in a phenol-red medium stopped sharply 
as one proceeded to the distal tubule, and often fluid could be 
seen to be expelled from the proximal into the distal tubule. 
If the transplants were maintained at room temperature instead 
of 39° G., it was found that only the cells were coloured; on 
raising the temperature to 39° G., the colour appeared in the 
lumen. If the temperature was reduced to 5° G. or so, no 
coloration of the tubule lumen or cells was observed; similarly, 
if a distended cyst containing a high concentration of phenol red 
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was ccHfit'd. tile dvr returned to the surrounding medium: on 
re-warinin^^ arcumulaiion occurred. From this it was concluded 
thai inii-direcnotial trarisier of dye from medium to tubular 
liirne!! rrtndres a high degree of metabolic activity. 

Widi a transplant of a ibur-day-oid mesonephros no coloration 
oi ilie lumen or cells was observed: preparations more developed 
than this always showed accumulation, so that we must view the 
accumulative activity as the result of a differentiation of the more 
primitive epithelial cells. An interesting fact is that the isolated 
epithelial cells in the culture, i.e. those not in cysts, showed no 
evidence of' coloration, from which Chambers & Kempton 
conclude ilau cells must be oriented in a definite arrangement 
in order iliai they may funcuon as secretory cells in this respect 
at least 'see also Chambers, li4i) . 

In later papers Chambers et al. 1935; Beck & Chambers, 1935) 
the inhibition of phenol-red secretion in transplanted tubules by 
chemical reagents, viz. HCX, HjS, urethanes and iodoacetate, 
has been studied in detail. Ail these metabolic poisons in appro- 
priate concentrations could reversibly inhibit the accumulation 
and retention of phenol red within the tubular cysts. The con- 
centrations of cyanide for reversible effects were 0*005-0*0005 M\ 
of H-ijS »2-M*‘'Hjl i/. The effect of iodoacetate was much less 
re\'ersible, since after exposure for quite short times degenerative 
changes were obser\*ed in the tubules. Thus in 0*002 and 0*01 M 
iodoacetate degenerative changes occurred within 50 min. At 
O'iXH)! M no changes of this nature occurred within 2 hours, but 
it was found that the retarding action on phenol red accumulation 
was only slight. Lactate and succinate counteracted to some 
extent the inhibiting and degeneratory effects of iodoacetate, 
indicating, according to these authors, that iodoacetate inhibits 
accumulation as a result of the specific poisoning of glycolysis. 

Experiment' making Dual Perfusion in the Frog. Mention has 
already been made of the apparent dual circulation in the kidney 
of the frog and lower vertebrates whereby the proximal tubules 
receive their blood supply from the renal portal vein whilst the 
glomeruli receive theirs from the renal branch of the aorta. That 
use could be made of this anatomical distinction in studying 
glomerular and tubular activities separately was suggested by 
Nussbaum's experiment (1879) involving ligature of the renal 
arter>’ ; later Cuilis (1906) perfused the renal portal system directly 
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and Atkinson et al. (1921) suggested a double perfusion, the 
arterial system being perfused at 24 cm. HgO pressure and the 
renal portal at 10-12 cm. HgO. It has been argued, however, 
that because of certain anatomical studies which show that the 
glomerular and tubular circulations are not absolutely separate, 
the demonstration of the concentration of a substance in the urine 
above that in the fluid perfused through the portal vein is not 
satisfactory evidence of secretor\^ activity on the part of the 
tubule (vide e.g. Shannon, 1939; Smith, 1937;. Presumably 
because of this reasoning, the work of Hober and his school has 
been largely ignored in recent reviews devoted to kidney function. 
The present writers believe, after a careful study of the experi- 
mental results obtained by this technique, that it would be unwise 
to ignore the many interesting results which have emerged as a 
result of its use. One must, of course, admit the anatomical 
possibilities of interconnections between the aortic and portal 
systems, but as Marshall (1934) points out, this does not rule 
out the possibility of a functional separation; thus the striking 
separation of naixtures of dyes effected by the renal tubule when 
the latter is perfused via the renal portal vein (e.g. a violet 
mixture of the blue Eriocyanin A and the pink Azofuchsin I 
gives a pink urine) is difficult to explain unless we assume a 
functional separation of the two systems. It is true, as we have 
pointed out earlier in this chapter, that the kidneys perfused in 
this w'ay rapidly lose their secretory activity, and it is also true 
that no attempt has been made to allow for the conceiuration of 
the substances studied due to a re-absorption of water, and 
consequently as a quantitative method the technique is bad; but 
for demonstrating whether a substance is secreted or not it would 
seem to be quite suitable when large urine/plasma concentration 
ratios are obtained. It is difficult to believe that a dying tissue 
will show an accumulatory activity which it would not show in 
its healthy state, so that the demonstration of this activity^ in the 
perfused kidney is strong presumptive evidence that it occurs in 
the intact animal. 

Scheminsky (1929), working in Hober’s laboratory^ showed 
that on portal perfusion, the frog tubule concentrates phenol red, 
whereas cyanol (this is only eliminated by glomerular activity) 
did not appear in the urine; he also observed that the concen- 
tration of the dye could be varied 100-fold in the perfusion fluid 

DD 
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witl'HHU iiilluencini! uie rate of secretion, a point which has already 
bef*n rehTT'ecl to .is a result of other techniques. Foliowitig up this 
w^'si'k Lia n'T I >h«'>wed tiiat there was apparently a dependence 
on litiiud siMubiliiy in so far as the appearance of a dye stuff in the 
urine on portal perfusion was concerned, and Orzechowski iy3(f 
.showed that the degree of concentration of the dye was inversely 
proportional to its lipoid solubility, so that if a lipoid insoluble 
dve, e.g. phenol red, was found to be secreted by the tubules it 


OH OH 

/ -V 


N 

N 


\ / 



".y 

C0.£: 


y\ 

' v/ \y . 

COoNa SO:>Na SO-N’a 


l-fl 


Fig. 61. Secretior. of benzene azo-naphthalene derivatives. Above is the 
general skeleton and below are various forms of the benzenoid ring X. Secretion 
occun with deriv atives marked -r , and not with those marked — . 


was concentrated to a much greater extent than a lipoid soluble 
one. Hober & Woolley (1940^2) began their investigations on the 
nature of the molecule which determines whether it wall be secreted 
or not by developing Orzechow’ski’s observations on the benzene 
azo-naphthalene dyestuffs; they drew attention to the fact that of 
live compounds studied by this author the two which w'ere 
definitely secreted had a polar and non-polar end, whereas of the 
mo w'-hich were definitely not secreted no such differentiation of 
the ends of the molecules pertained (Fig. 67). Experiments with 
ten Ix^nzene azo-naphffiaiene and ten naphthalene azo-naph- 
th^eoe dyestuffs ^ve results in conformity with this general 
l^kture; similarly, with more eloi^ted molecules, such as the 
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dis-azo dyestuffs, it was found that when polar groups were on 
both ends of the molecule no secretion was observable, whereas 
if the polar groups of the molecule were confined to one end 
secretion occurred. As an example Gioth Red 2R (Fig. 68 (a); was 
actively secreted, whereas Buffalo Black 10 B (Fig. 68 (^ ;) was not. 
With the triphenyl methane dyestuffs, an example of which is 
Cyanol Extra (Fig. 68 (c)), it was found that only one compound 
was secreted; however, in a later paper Hober & Woolley '1940^; 



Fig. 68. Structure of certain dyes. 


showed that the freshly excised kidney placed in solutions of 
these dyes will concentrate a number of them (those containing 
an amino group), whereas if the kidney is first perfused with 
Ringer solution no secretion of the dyes is observed. For a more 
complete description and discussion of this work in relation to 
similar studies with the liver the reader is referred to Hober 
(1940); if these striking facts can be substantiated, by more 
accurate work on the mammal, Hober’s suggestion that the initial 
step in the secretory process is the adsorption^ of the secreted 
molecule on the surface of the cell will be a definite contributicm 
to our knowledge of the fundamental mechanism of this process. 


20-2 
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CHAPTER XXI 


THEORIES OF CELL PERMEABILITY 

By J. f. Damelli 

W ITH the exception of the theory of membrane potentials, 
discussed in Chapter xv, we have only touched upon the theory 
of permeability suiiicienily lo enable experimental results to be 
preseiut'd in a co-ordinated manner. In this chapter we shall 
present a general survey of the theory of permeability in quali- 
tative terms. Xo single theory has yet reached a stage in which 
it can deal with both non-electrolytes and electrolytes in a 
quantitative way: we cannot therefore expect to deal quanti- 
tatively with the penetration of all diffusible bodies. Lacking this 
ability, we have restricted our discussion of experimental examples 
to [a; cases where we have confidence that an experiment 
supports a particular theory’; 'b[ cases where an experiment 
definitely iin^alidates a theory. The rather large volume of 
obserwitions tailing into neither category’ we have preferred not 
to discuss, as little is to }>e gained thereby. 

PROBLEMS OF MEMBRANE STRUCTURE 

In Chapters vi and vii we have given the outlines of the various 
main theories which have been proposed concerning the structure 
of the ce!l-plasma membrane. These are 1} that the cell membrane 
is a ifiin layer of fatty material; this view was developed by 
Overton; 2. that the cell membrane is a sieve with pores of 
molecular dimensions; a theory^ largely developed by Ruhland, 
Michaelis and Collander. A theory^ which is to some extent a 
compromise between these two extreme views is (3) the mosaic 
theory’ of Nathanson, to w’hich Hober has drawn particular 
attention, according to which the membrane consists of a mosaic 
made up of areas of more than molecular dimensions, each of 
different chemical properties. A second modification is (4) the 
lipoid-sieve hypothesis of Collander, according to which the cell 
membrane consists of a sieve structure superimposed on a lipoid 
layer. Finally (5) we have the suggestion of Gorter & Grendel 
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that the membrane is a bimolecular leaflet of fatt\^ molecules, and 
the paucimolecular* layer theory proposed by Danielli & Davson, 
and Danielli & Harv^ey, according to which the lipoid layer is a 
few fatty molecules thick, with an adsorbed protein layer at each 
fat-water interface. 

Of these various theories (4) and (5) are modifications and 
amplifications of (1) and (2) in terms of molecular orientations. 
When we discussed the experimental results we found one case, 
that of Beggiatoa mirahilis, to which it is possible that theory 2 1 
may be applied in its simple form. Even in this case there are 
some difficulties in accepting the pore theory (see p. 102 . On 
the other hand, there are a wide variety of cells, of about fifteen 
different species, which have been shown to have membranes 
based on a lipoid layer. This evidence was based on permeability 
to non-electrolytes. The study of weak electrolytes and dyes also 
showed that with these cells, such as Arbacia eggs and Valonia 
cells, neutral molecules pass readily, ionised molecules with great 
difficulty, irrespective of molecular size. This result again is 
understandable in terms of a lipoid layer, but not in terms of a 
simple sieve theory. In Chapters xn, xiii and xv, dealing with 
the ions of strong electrolytes, we also found that true permeability 
to ions is extremely small (with occasional exceptions), in agree- 
ment with the lipoid layer theory, and that the electrical pro- 
perties of the membranes of these cells, in so far as they can be 
interpreted, are also indicative of a lipoid layer controlling 
diffusion into and out of the cell. The paucimolecuiar layer theory 
thus rests on a very large body of evidence derived from per- 
meability studies, and on a considerable volume of e\idence from 
other sources, given in Chapter vi. 

But this conclusion, that the plasma membrane of most cells 
has the structure postulated by the paucimolecuiar layer theoiy', 
applies only to the gross, average, structure of the membrane. 
The evidence available proves that it is true, to a first approxi- 
mation, and the mass of the evidence available is not capable of 
proving more than this. So that, while we can accept the 
paucimolecuiar layer theory as correct, it is only as a first 
approximation. Of the details of the structure of the plasma 
membrane we still know extremely little. In the case of rat, 

* Paucimolecuiar: a term proposed by E.N. Harvey to describe a layer a few 
molecules thick. 
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human and mouse red cells the calculations of Danielli suggest 
that a small fractional area of the cell, not more than 3% t>f the 
total, is specially capable of allowing the passage of glycerol. 
Similar calculations applied to cat red cells would indicate that 
a \ ery small fraction of the membrane area, less than is 

permeable to Na”" and K~, in : We must expect to find similar 

minor inhomogeneities in the membranes of most cells, as methods 
suitable for their detection are evolved. These “minor” inhomo- 
geneities are probably only minor when regarded from the point 
of view of the fraction of the total cell-surface area they occupy : 
from the point of view of the life oi the cell they may well be of 
major i m por t ance. 


PROBLEMS OF DIFFUSION KINETICS 

There are two major problems of diffusion kinetics. One of these 
lies in the experimental field, and deals with the problem of 
calculating from experimental data the rate of penetration of a 
substance through a membrane in absolute units. This has 
recently been reviewed by Jacobs (1935;, and some of the problems 
involved have been discussed in Chapters iii and i\^ of this book. 
The second problem is the theoretical one : What are the details 
of the process by w’hich a molecule passes through the cell 
membrane? The key to this problem lies in the study of tem- 
perature coefficients. 

'values of the order of 3 or more are not uncommon, and 
it was at one time thought that these high Q^q values indicated 
that specific chemical reactions were responsible for the transport 
of many t>'pes of molecule across the cell membrane. Many 
workers regarded this \aew with suspicion. M.H. Jacobs, for 
example, thought it improbable that the cell membrane could 
provide specific reactions for every type of molecule which organic 
chemistry' can synthesise! Finally Danielli & Davson (1934) 
pointed out that any type of potential energy barrier was capable 
oi giving rise to high values, and that it was a simple conse- 
quence of diffusion kinetics that a slowly penetrating molecule 
should have a high and a rapidly penetrating molecule a 
low Qjq. Jacofc^ et d, (1935) made an extensive study of the 
Qiq values of non-electrdyte |>enetration for eleven species of 
erythrocytes between 0° and 50° G., and concluded that their 
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observations were, ^‘on the whole, in good agreement with the 
physical theory of the effect of temperature on permeability 
proposed by Danielli and Davson”, There were a number of 
individual exceptions to the postulated negative correlation 
bett^^een rate of penetration and which both demanded and 
facilitated a closer analysis of the mechanism of penetration. The 
mathematical aspects of such an analysis are given in Appendix A 
of this book. 



Fig. 69. Potential energ\^ barrier representing the cell membrane. 

The potential energv^ barriers to free diffusion presented by a 
membrane may be separated into a number of individual potential 
energy- jumps, one of height met on passing from e.g. an 
aqueous phase into the interior of a membrane, one of height 
met on leaving the membrane, and a number of height met 
in the interior of the membrane (Fig. 69). A molecule cannot 
diffuse over one of these barriers unless it has kinetic energy^ 
greater than the fi value concerned. In the simplest case, a 
homogeneous symmetrical membrane, according to Danielli the 
permeability is given by 


where a, b and e are rates of diffusion across the potential energy^' 
jumps ju.^, /Tg and n is the average number of potential energy 

* An alternative equation, based on the assumption that Pick’s equation may 
be used for diffusion through the interior of the membrane, is given in 
Appendix A. 



314 


TliEnRn:> ifi 4. ELL PERMEABILITY 


jumps mti b\ u liiolt-*! ub' In pashiiPT strai.irht across the membrane. 
Tlii^ liiiidaiLfMt.;] rnuaiP)n should apply to all diffusino: bodies, 
f^oih and non-electroIytes. The more complex caseSj 

wla-i'e didennnt values of /i, are met at various points in the 
intt*rior (}{' tiie memi>rane, and where the membrane is non- 
syrninetricai. will mvc rise to sliahtly more complex equations of 
the same type. Where the membrane is a mosaic or pore structure 
each diflerent individual area must be treated separately, i.e. so 

as I4j olitain a term — - - for the rth element of area, and then 

summed: i.e. 



In practice rlie e.xperimenial difficulties are such that the main 
value of this ec|uauon at present is to distinguish benveen homo- 
geneous and non- homogeneous membranes, and between lipoid 
and non-lipoid membranes, using the quantitative tests gi\'en in 
Chapter vi. Even in these cases some caution must be observed, 
owing to the semi -empirical nature of equation ( 53 ). 

In the simple case of a thin lipoid layer the details of the 
niechanism of penetration, involving the overcoming of hydrogen 
bond and \’an der Waals* forces, have been given in Chapter v, 
in so far as the details of penetration can be dealt with by physical 
science to-day. Let us consider several e.xamples. If we take a series 
of molecules such as methyl alcohol, GH3OH; ethylene glycol, 
CHgOH . GH.OH : gl vcerol, CHgOH . GHOH . CH^OH ; erythritoi, 
CHgOH CHOH .CH.OH; mannitol, CH.OHCCHOHj^GH.OH; 
we know that each OH group may form hydrogen bonds with 
water, and that each bond formed will increase therefore 

decrease a in equation 26 . Hence the more OH groups per 
molecule, the more slowly should the substance pass into the oil 
layer, and the less will be its permeability. As we have seen in 
Chapter viii, this is just the t\*pe of behaviour which is observed. 
Secondly, since each OH group increases we see from 
equation ^ 62 ) of Appendix A that the value should increase 
with each additional OH group added to a molecule. This also 
is the type of l^ha\iour observ^ed experimentally. But if we take a 
series CH^.OH, GH3. CH^H, CH3.(GH2)30H, 

etc., where the number of CHg groups is varied but the number 
of OH groups is kept mnstant, the values of j > P'e change 
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quite slowly, since no hydrogen bond forces are changed in 
passing from molecule to molecule: only the Van der Waals" 
forces are changing. Consequently, we predict that for such a 
series the values will vary comparatively slowly with increase 
in molecular weight. This again is what is observ^ed experimentally. 

The mechanism of diffusion through the more specialised areas 
of the cell membrane, which are specially adapted for penetration 
by specific molecules, cannot be profitably discussed until much 
more information is available. 

The Variation of P and veith Temperature. In Appendix A it 
is shown that for diffusion through a thin homogeneous lipoid 
layer whose structure is not significantly varying with tem- 
perature, the permeability varies exponentially with temperature, 
and if logP/\/T is plotted against 1/T a straight line should be 
found, subject to certain assumptions. Fig. 70 gives an example 
of this, calculated from the results of Jacobs et al. T935).‘^'|' Most 
of the accurate work on the temperature variation of P obeys this 
relationship, and failure to obey it means that probably a com- 
plicating factor, such as inhomogeneity or marked variation in 
structure with temperature, is present. 

As shown in Appendix A there is theoretically a negative corre- 
lation between PM^ and for both slowly and rapidly pene- 
trating molecules. Failure to obey this also uieans a complicating 
factor is present. The itself should also decrease with increasing 
temperature, and in lact usually does, though there are a number 
of individual exceptions to this rule. 

The Penetration of Water. Water is a rapidly penetrating sub- 
stance, and its rate of penetration will in most cases be given by 
equation (27), P—ajb.ejn. The rate of penetration is thus 
determined by the partition coefficient aT, the \iscositv% propor- 
tional to e, and the thickness, proportional to 7Z. For a membrane 
having the same viscosity as water, the permeability to water wall 
be less than that of an equal thickness of water if the partition 
coefficient is less. The interior of the cell membrane is mainly a 
hydrocarbon liquid or solid composed of CHg chains and sterol 
residues, etc. and in such a system the partition coefficient of 
water will be of the order of 10“^ or less. Due then to the partition 
coefficient, the permeability to water will be at least 10® times 
less than that of an equal thickness of water. Then the viscosity 
term e for such a liquid is probably between 10"^ and of 
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that of water, reduce!^ iht,* permeability by a factor of the 
order oi iH-L-fto, aivirej .t t«Kai reduction of 10® or more.~" It is 
kefole ti-ai 'uch a lanre effect can be produced by a mobile 



Fig. to. Effect of temperature on permeability. Log P/^T plotted against 
1 r, for ox red cells. 

membrane only 10“® cm. in thickness. Experimentally, it is found 
that the permeability to water is very small, smaller than the 
maximum value just predicted. 

Thi Role of Partition Coefficients, The relationship between 
permeability and partition coefficients has been the subject of 
speculation and enquiry ever since the first studies of permeability 
w'ere made. In Appendix A formal relationships for two groups 
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of molecules are given, for certain slowly penetrating molecules 
(equation (28)) and for certain rapidly penetrating molecules 
(equation (27)). Examples of the application of these are given 
in Chapter viii. It remains to discuss the physical basis of these 
relationships. 

In the case of certain types of rapidly penetrating molecules 
equation (26) reduces to P = a!b.ejn. Since the oil- water parti- 
tion coefficient is ajb^ we can see that if eM were constant, the 
permeability of a homogeneous lipoid layer would be directly 
proportional to the partition coefficient. The term e n is subject 
to variations, which, whilst for any single membrane they are 
probably small compared with the variations in a/b, are still large 
enough to give rise to minor differences betn^een the series of 
molecules arranged in order of partition coefficients and per- 
meability constants. 

In the case of slowly penetrating molecules P = a/2, and the 
partition coefficient is ajb. If w-e divide both sides of this equation 
by b^ we obtain Plb = ll2.alb. In other words, if b were constant, 
the rate of penetration of slowly penetrating molecules would also 
be proportional to the partition coefficient. Actually, b does 
vary, but the variation is often small compared with the variation 
in ajh. The reason for this is that the chief variable affecting a is 
the hydrogen-bond force between polar groups and water, 
involving an ener.gv^ of the order of 5000 calories per group, 
whereas the chief variable affecting b is the activation energy^ of 
diffusion of non-polar groups into water, involving an energ\' of 
the order of 2500 calories per group. As the former force varies 
within much wider limits than the latter force, it follows that 
a varies within much wider limits than b. Hence we again predict 
that molecules arranged in the series of partition coefficients and 
of permeability constants will be in roughly the same order, but 
there will be many differences in detail due to the other variables 
involved. This predicted rough parallelism with minor variations 
between the two series is what is in practice found, both for slowly 
and for rapidly penetrating molecules. 

It is quite clear that if we compare the permeability of two 
membranes which differ in their partition coefficients, other things 
being equal, they will have different permeabilities to the same 
^molecule. The partition coefficients of substances like urea, 
glycerol and sugars in acidic, neutral and basic oils are quite 
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diilerent. 1 aLne LX\11I si-ow- ihe relative coefficients of some 
typical ninl»a;ules in tAW*' oil. which is slightly acidic, and in 
oli\'e oil — I'o ol."i€ acid, which is strongly acidic: these results 
oi"CauL.ii:der's Yi'.’e a roueh idea of the order of magnitude of the 
po-dble \-ariaiion due to differences in partition coefficients. 
Huber and Collander* have particularly emphasised the im- 
ponaiice of differences in partition coefficients, both in different 
membranes, and in different areas of the same membrane. 
Recf^'Hily Schulrnan and Rideal, in a series of papers, have shown 

TABLE LXVIII 

I'Lr* ei'. " -cc :.i:i •. :2ar:;rk;:: coe:r.c:t*n: in olive oil — -‘)®o oieic acid; 


1 nvti.vj i'iiraie 

TU 

Glvcerin niuno!neth%i ether 

To 

Eiiivl aicoliol 

TT 

Fropvkne glycol 

TT 

Erv’thritol 

2-0 

Glvcerol 

21 

Ethvlene glycol 

3-3 

1'; -rir.airiide 

6*4 

Propionanude 

10 

Aceiainide 

11 

Ethyl urea 

20 

Urea 

35 

Urutropin 

S6 


liiai even in monolayers of fatty substances and proteins, com- 
plexes are very readily formed due to the interaction of two 
different molecules, or to the interaction of similar molecules 
containing a %'arieiy of chemical groups. These interactions may 
involve i \’an der Waals' forces, 2 electrostatic dipole-dipole 
interaction, 3 dipole-ion interaction, ^4} ion-ion interaction. 
These forces are, of course, the same as those involved in giving 
rise to partition coefficients, and consequently these observations 
of Schulrnan and Rideal are of great importance in showing 
experimentally that differences in partition coefficients extend 
even to monolayers, and in fact are sometimes more marked in 
monolayers than in bulk phases. In so far as these interactions 
influence permeability, they do so by changing the partition 
coefficient and effective viscosity in the case of rapidly penetrating 
molecules {obeying the equation P=alb.ejn). In the case of 
slowly penetrating molecules, obeying the equation P=aj2^ the^ 

* ScHise examples quoted finom CkjAandar are given in Chapter vin. 



THEORIES OF CELL PERMEABILITY 


319 


effective resistance to penetration lies exclusively at the membrane 
interface, and these interactions affect permeability (1) by changing 
the activation energy- /x^, and ‘^'2} by causing an increased ad- 
sorption at the oil-water interface — the Traube effect "see below^ . 
These experiments of Schulman and Rideal thus fully substantiate 
the importance of variation in partition coefficients which w as 
emphasised by Hober and Gollander. We may thus safely state 
that there is a range of at least 10--10^ in the partition coefficients 
of the same molecule in different lipoid membranes, and conse- 
quently a possible difference of this order in permeability of 
different cells to the same molecular species. 

The Traube Effect. Traube suggested that, since adsorption at 
an oil-water interface increases the effective concentration of the 
adsorbed compound at the interface, surface-active compounds 
will for this rieason penetrate more rapidly than their less surface^ 
active homologues. This principle of Traube’s is not valid in 
the case of rapidly penetrating molecules obeying the equation 
P^ajb .ejn, since the concentration in the membrane interior is 
that given by the partition coefficient, and is in equilibrium 
with the concentration in the bulk aqueous phase, so that the 
concentration in the surface phase is of no importance. But for 
molecules penetrating slowly and obeying the equation P=a,2, 
the rate of penetration is affected by the concentration in the 
surface phase: this is because the point constituting the effective 
and dominant barrier to penetration is the oil-water interface 
only: the condition of the interior of the membrane is of no 
consequence to a molecule obeying this, equation. 

The ratio — concentration in surface phase : concentration in 
bulk phase — is given roughly by 

r 

P = ( 35 ) 

where a: = number of CH 2 groups per molecule.* These adsorbed 
molecules will be oriented, often in a way favouring penetration 
into the interior of the lipoid layer, so that the rate of penetration 
may be increased by adsorption, due to the favouring steric factor. 
This phenomenon may be modified by the formation of the 
complexes described by Schulman and Rideal, which will give 

* 750a: is the difference in potential energy n calories, between the surface and 
bulk phases, for a compound containing x non-polar groups. 
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rise to a possible difference in permeability of different membranes 
to the same molecule of the order of in the case of 

molecules obeying the equation 2.tt 

Tims we see that as a general theory of permeability Traube’s 
suggestion is invalid, the close correlation between permeability 
rate and surface activity being due largely to the fact that with 
the substances chosen the surface activity ran parallel with the 
oil* water partition coefficients. 

The Influence of Molecular Volume, The permeability of non-iipoid 
porous membranes changes sharply wffien molecular diameter 
exceeds that of the average pore size of the membrane, so that 
molecular volume is a good guide to the permeability of such 
membranes. CoHander & Barlund (1933 , and Collander (1937) 
have attempted to apply this concept to lipoid membranes also; 
by plotting permeability against partition coefficient for a large 
number of substances penetrating the same membrane, a distri- 
bution of points was found such that if molecules of a given 
partition coefficient are compared, it is found that those having 
small molecular volumes penetrate much more rapidly than those 
with large molecular volumes. An example of this is given on 
p. 97. Collander concluded from such results that the cell 
membrane distinguishes between molecules in virtue of variation 
in their molecular volumes. 

This method of plotting w'as empirical, and not based on 
qualitative considerations. From the theory of permeability of 
thin lipoid layers it has been showm (Appendix A) that, under 
certain conditions, for a homogeneous membrane PTf “ should be 
plotted against partition coefficient in the case of rapidly pene- 
trating molecules, and against partition coefficient in 

the case of slowly penetrating molecules. When such plots are 
made of Collander's results linear relationships are found, in 
accordance with theoiy- (see e.g. p. 99) and there is no selective 
action exerted by molecular volume. Hence Collander’s con- 
clusion was probably unjustified; the distribution of points he 
found is semi-fortuitous, and due to the fact that AI- and 
tend to run parallel to molecular volume. 

The ex|^rimental data available show that for most cells 
molecular volume probably plays a very minor role, if any. An 
exception to this general rule is Beggiatoa (p. 102), in which the 
sieve effect may be very pronoimced. 
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The Injiuence of Membrane Viscosity, In dealing with permeability 
to water we have pointed out that rapidly penetrating molecules, 
obeying the equation P = aib.efy find part of the resistance to 
free penetration in diffusing through the interior of the plasma 
membrane. Consequently, when comparing the penetration of 
different membranes by the same substance, the effective* 
membrane viscosity is an important variable. The viscous re- 
sistance term e may easily vary by a factor of 10^ for different 
membranes. We have also already found that the partition 
coefficient of the same compound in different membranes may 
vary by at least This gives us a total theoretical variation 

in the permeability of different cell membranes to the same 
compound of at least 10^-10®-fold. To this must be added a further 
factor of about tenfold, due to variation in tz, i.e. in the thickness 
of the membrane. This is quite sufficient to account for the 
variations found in Table XXII, p. 108. tt 

Slowdy penetrating molecules, obeying the equation P = <2 2, 
have a permeability which is independent of the interior of the 
membrane, and therefore are not affected by the membrane 
viscosity. Species variations for such molecules probably arise 
largely from complex formation at the membrane interface. In 
such cases it is also possible that some at present undetected 
physico-chemical factor is involved. Complex formation alone, 
however, may give a variation of 10‘'^-1(P in permeability to the 
same molecule. 

The ^'Active Patch'^ Theory of Membrane Specifcity. There is a 
considerable volume of evidence that small fractions of the 
erythrocyte cell membrane are specifically permeable to certain 
compounds. A fraction of 3 % or less is specifically permeable to 
glycerol in human, rat and rabbit cells. When cat erythrocytes 
are placed in isotonic KCl, a fraction of less thanOT% is permeable 
to Na"^ and K^. When rabbit cells are subjected to sub-haemolytic 
swelling, a fraction of less than 1 % is permeable to K’. The 
evidence for the existence of this local differentiation of the cell 
surface is possibly supported by the action of certain lysins, which 
appear to attack only a restricted fraction of the membrane 
surface (Ponder). lA the case of the ion-permeable areas it is 
possible that the K"^ ions leak out through simple pores or cracks 

* The effective viscosity is not necessarily identical with the viscosity measured 
by a macroscopic method. 
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in the membrane, but the specific permeability to glycerol involves 
a specially differentiated area which has not the same high 
permeability to other molecules of the same molecular diameter. 
Furthermore, the specific permeability is eliminated by poisons 
such as acid and Cu~^ ; Jacobs, Glassman &. Parpart,. For 
example, rabbit cells normally have a high permeability to 
glycerol and a for glycerol penetration of about 1*2, but in 
the presence of CO^ or traces of Cu^“ the permeability is greatly 
reduced, to about the same level as for ox cells, and the Qiq raised 
to between 3 and 4. Tims in many ways these specifically permeable 
areas restanhie the “active patches' of a catalyst. 

It is diihcuh to obtain information about the chemical nature 
of sucli patches. Direct chemical analysis will probably be quite 
useless. Dzieniian 1030 , in a recent most interesting paper, has 
shown that there is no correlation between the lipoid composition 
and membrane permeability of red cells, even when the non- 
specific permeability is considered, so it is hardly to be expected 
that chemical analysis will be useful in the much more delicate 
problem of specific permeability. A certain amount of information 
can be gained in other ways. For example, the Qiq of T2 involves 
an activation energv' of only a few thousand calories, corresponding 
to the passage of at most one OH group into a fatty layer, whereas 
in fact three groups must penetrate, involving a ^^^st 2*3 

at 2o C.,. Hence it is improbable that the areas concerned 
contain much lipoid. But they must contain groups permitting 
diffusion of glycerol by breaking only one hydrogen bond at a 
time, for example, CO2 groups and OH groups. The inhibitory 
effect of acidity and Cu~^ also suggests that membrane anions 
are involved, and the obserearion of Wilbrandt (1939^) that inter- 
ference with the phosphorylation processes of red cells affects 
permeability suggests that PO4 groups may be involved. All these 
deductions arc of course of a ver\^ preliminary nature, ft 


PROBLEMS OF THE ACTION OF IONS 

In an abnormal ionic environment cells have abnormal per- 
meability. Recently some quantitative treatments of the action of 
ions on interfaces have been derived which throw a good deal of 
light on this problem. Danielli (1936, 1937) pointed out that at 
the surfaces of mmt cells there are fixed anions. Hence there will 
be a Gibbs-Donnan equilibrium existing between the surface 
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phase and the bulk phase, which will lead to an unequal distri- 
bution of ions between these phases. For example, for H“ and 
Na“ we have 

= constant, (36; 

where the suffixes s and b denote surface and bulk concentrations. 
Most cells have a value of rather less than 10 for this constant 
when in physiological saline or plasma, i.e. the surface of the cells 
is more acid than the saline or plasma by 1*0 to 0-3 pH units. 
From the equation it is clear that if the number of fixed anions is 
kept constant, is kept constant, and [Na'^jj, diminished, then 

owing to the fixed anions in the surface phase [Na'^Jg will fall off 
much more slowly than [Na^]^,, and consequently [H']^ will in- 
crease, i.e. dilution of physiological saline with either water or non- 
electrolyte solution will increase the acidity of the surface phase. 
Danielli, using the Debye-Hiickel theory* to calculate the thickness 
of the surface ionic layer, has recently shown that the effect of 
dilution in e.g. solutions of NaCl can be calculated quantitatively. 

Hartley & Roe (1940) have recently shown that surface pH may 
also be calculated from cataphoretic velocity measurements, and 
in some cases measured directly by using surface colorimetric in- 
dicators. The values of the surface pH given by all three methods 
are in reasonable agreement. 

Wilbrandt (1939^z; has shown that the Gibbs-Donnan relation- 
ship may be extended to deal with the distribution of sodium and 
calcium ions between surfaces and bulk phases. Two particularly 
important applications to physiology may be distinguished : (1). if, 
when cells are suspended in isotonic non-electrolyte, either sodium 
or calcium will produce a given effect, e.g. reduction in per- 
meability to water, the quantities of sodium and calcium required 
to produce the same intensity of action, e.g. the same change in 
permeability, are given by 

-Sil ■ = constant. (37 

V[Ga] 


(2) If both sodium and calcium are present, the relationship 
between the quantities in the surface and bulk phases is given by 


[Na], _ V[Ca], 
[Na], 


= constant. 


(38) 


21-2 
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Let us take [Xa].=^2-<.c\/, [Xa]^ =o*i .1/, [Ca]^ = 0*0022L which 
are rea.sriiiable lalues ibr a properly balanced physiological saline. 

Then we obtain 

1 Cal , = — r . = U-S M, 


he. althougli the Xa : Ca in bulk is 50: L in the surface phase 
it is 1 : 0‘4, i.e. the disproportionate ratio of 50 : 1 in bulk yields 
a much more balanced ratio in the surface phase. This pheno- 
menon is probably of considerable importance in relation to salt 
antagonisin. The abo\e equation also shows that dilution of a 
I'^alaiired salt solution wiiii water decreases the Xa : Ca ratio in 
the Mirface phase, i.e, increases the relative amount of Ca in the 
surface. These rehitiorislii^js have been studied by chemical 
analysis of monolayers Webb & Danielli, 1940;. 

Obviously such distributions of ions will be of importance in 
relation to the actions of the physiologically active bases, such as 
histamine, adrenaline, acetyl choline, curare, the purine bases, 
etc. on cell permeability, but calculation is complicated in such 
cases by oil solubility, and interpretation must await the study of 
anionic monolayers spread on solutions of these ions. 

The Action of Lou Concentrations of Ions. The thickness d of the 
ionic layer composing the ionic surface phase of a cell is given 
by the theor\’ of Debye and Hiickei as 


3T X 10-s 


cm. at 0^ 


a. 


for cells in XaCl solution. Thus we can see that if most of the 
Xa"^ is washed away ^dth e.g. sugar solution, the value of d wall 
be greatly increased. The value of d also indicates the degree of 
separation of the positive charges of the mobile cations and the 
fixed anions of ihe surface phase. The mutual repulsive force 
between any two adjacent pairs is proportional to the distance of 
separation of the positive and negative ions. 

As the distance between any oppositely charged ionic pair is 
increased by dilution, the mutual repulsive force between two 
adjacent pairs \vill increase. As an example of this increased 
repulsive action we may take the results of Adam & Miller (1933), 
which show that there is much less lateral adhesion between the 
molecules of sodium paimitate monolayers when on dilute 
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solutions than when on concentrated solutions. Thus there will 
be an increase in the lateral repulsive forces in the cell membrane 
on washing cells with non-electrolyte (provided the number of 
fixed anions is unchanged), which will tend to loosen the packing 
of the molecules constituting the plasma membrane. Such 
loosening of the structure would increase the cell permeabiiin*, 
especially to substances like water and ethylene glycol which have 
rather low' oil-w’-ater partition coefficients but yet obey the 
equation P^ajb ,ejn. That this is so, is w'ell established by the 
w'ork of Jacobs & Parpart (1932) and Wilbrandt (1939^^ on red 
ceils, and of Lucke & McGutcheon (1929) on Arbacia eggs. Thus 
addition of salts to cells in non-electrolytes has at least three direct 
effects : (1) increasing the lateral adhesion of membrane molecules, 
(2) increasing the surface phase (3) decreasing the thickness 
of the ionic double layer. All of these variables may be to some 
extent involved in defining cell permeability. 


TABLE LXIX. Concentrations of sodium and calcium having 

THE SAME EFFECT IN REDUCING THE PERMEABILITY OF RED CELLS TO 
WATER AT CONSTANT 


0*042 0*021 0*010 0*0057 0*0029 0*0014 0*00072 0*00036 

[Xa^h 0*022 0*017 0*010 0*0079 0*0056 0*0040 0*0030 0*0016 

0*11 0*12 0*10 0*11 0*11 0*11 0*12 0*10 


TABLE LXX. Concentrations of sodium and calcium having 

THE SAME EFFECT IN REDUCING THE LEAKAGE OF K~ FROM RED CELLS 
IN SUCROSE 


0*00113 

0*00074 

0*00056 

0*00037 

0*00024 

0*00015 

0*0161 

0*0128 

0*0111 

0*00926 

0*00762 

0*00546 

0*48 

0*47 

0*47 

0*48 

0*49 

0-45 


Wilbrandt (1939 a) has shown, in the case of the erythrocyte, 
that quantitatively, the same reduction in permeability to water 
is given by either sodium or calcium in relative concentrations 
such that [Na]6/V[Ga] 5 = constant. Similar results have been 
obtained on the leakage of from red cells suspended in sugar 
solution (Wilbrandt 1940). These quantitative treatments are 
given in Tables LXIX and LXX. 
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From iliis di^cushioii it will be evident that we have now some 
of the eleruTHS necessary for a clear understanding of the actions 
of small amounts of salts on cell permeability. But a great deal 
more v. ork remains to l>e done, especially in connection with ions 
hicli form non-ionic compounds, or weak electrolytes, with the 
anions fixed on the cell surface. 

T/if Jnfagoms/ic Ae/io/i of Ions. The classical studies of Ringer 
1883, 1886 on the toxic effects of pure isotonic sodium- 
chloride solutions on the irritability of skeletal muscle and the 
frog's heart beat — effects which could be antagonised by the 
addition of small quanrities of Ca and K giving a Xa : K : Ca 
ratio of ; 2*4 : i-t* in the case of frog Ringer solutions, and 
loO: F7 : IT in the case of mammalian Ringer solutions — intro- 
duced the concept of the antagonistic action of salts on physio- 
logical phenomena. This phenomenon must not be confounded 
with the action of Xa and Ca on the “non-electrolyte effects'’ in 
the case of the ertthrocyte just described; in these instances X’a 
and Ca both exerted the same effect, i.e. they decreased the 
abnormally large permeability obtained by placing the cells in an 
electrolyte-free medium, whereas the phenomena of antagonism 
are generally exhibited in isotonic salt solutions (e.g. sea water, 
Ringer solution and the two antagonistic ions exert, at least 
when they are both present in solution, opposing effects on the 
tissue or ceil. 

In permeability studies the antagonism between Na and Ca has 
attracted most attention and has been demonstrated very neatly 
by Osterhoui 1911 , who showed that plasmolysis of Spirogyra 
cells could be brought about in a mixture of X^aCl and GaCU in 
the molai proportions of 20 : 1, whereas pure solutions of X^aCl 
and CaCL were unable to do so. This author has also studied in 
great detail the antagonistic action of these and other ions on the 
conductivity of Laminaria fronds (1922). The influence of Ca in 
inhibiting the increase of permeability normally occurring on 
placing Arhacia eggs in a non-electrolyte medium has already been 
referred to; in this case Xa appears not to be effective, rather does 
it, along with other univalent cations, cause a further increase in 
permeability. In mixtures with Ca salts antagonism occurs, i.e. 
when both are present in appropriate concentrations the resulting 
permeability is intermediate between the values produced by them 
singly. Thus a concentration of0-016iVfNaGl completely abolishes 
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the effect of 0*000oA/ CaCU, i.e. the Ca may be said to be thirty 
times as effective as Na. 

Clowes (1916) found that when oils, containing e.g. oleate ions, 
are shaken with sodium chloride solutions an emulsion is formed 
of the type oil-in-water, i.e. oil droplets in a continuous phase of 
water. But with calcium chloride the emulsions are water-in-oil, 
i.e. the continuous phase is oil. With mixtures of sodium and 
calcium ions, oil-in-water emulsions are formed when the ratio 
Na : Ca is greater than about 75:1, and water-in-oil emulsions 
when the ratio Na : Ca is less than about 75 : 1. At the boundary 
ratio 75 : 1 the type is variable. The ratio 75 : 1 is about the same 
as that in a balanced saline, and led Clowes to suggest the cell 
membrane is normally an emulsion of indeterminate type, and 
that the increase in permeability^ when the relative amount of 
sodium is increased is due to conversion into an oil-in-water 
emulsion, so that there will be many continuous tracts of water 
passing right through the cell membrane, permitting ready 
penetration of w^ater-solubie substances. Calcium, on the other 
hand, might convert the membrane into a water-in-oil emulsion, 
leaving no continuity between the external and internal aqueous 
phases, thus reducing the permeability. In the absence of quanti- 
tative information about the thickness of the plasma membrane, 
this was a reasonable and plausible theory. 

Between 1925 and 1930 evidence was accumulated by Gorter, 
Fricke and Cole to show that the thickness of the cell membrane 
lies between 10~® and 10~'^ cm. (see Chapter vij. This is a very- 
thin layer, at most only half a dozen fatty’ molecules thick, 
probably less. In this space it is difficult to see how phase reversal 
can take place in a reversible manner. Mainly on this con- 
sideration Danielli & Davson (1934) put foiw’'ard an alternative 
theory, that the action of the ions was to cause variations in the 
partition coefficient of the membrane, thereby changing its 
permeability. Sodium salts of anions such as — CO3, — 

804“ are known to dissolve water more readily than calcium 
salts of the same anions, so that the larger the proportion of 
sodium in the membrane, the higher would be its permeability 
to water. In other words, the reversible changes in permeability 
were attributed to changes in chemical composition of the 
membrane which directly affect the membrane partition co- 
efficients. 
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At the time tills second tlieon' left unexplained the si^iilicance 
of the Xa : t'.a value aO-luO : ], at which the action of the two 
ions is Ijalanced. But the calculation given above p. 324: 

shows tiiai a: iliis bulk ratio of : 1, the ratio Xa : Ca in 

the ^rurface pliase. iti molal units, is roughly 2:1. Thus the 
im|>ortance of the riulk ratio 5U-loO : 1 arises from the fact that 
at the cell surface balance can be achieved only at a molar ratio 
of the order of 2 : 1 T : 1 in equivalents and, as Wilbrandt has 
pointed out, the reason why Clowes found the same ratio in his 
emulsion phase reversal experiments may be that in this case also 
a surface ratio of Xa : Ca ™ 2 : 1 is required, involving a bulk ratio 
of about 75 : i. Similarly, Daiiieili 1937 , found that with saline 
at pH ^ calcioin oleate and calcium palmitate surfaces have a 
higher iiiterfacial tension than sodium oleate and sodium palmitate 
surfaces, and in mixtures of the two ions an intermediate tension 
is found at the ‘^physiological ” value of about 7o : 1. The common 
feature of such phenomena is the requirement of an approximately 
equal number of equivalents of Xa'* and Ga*^' at an interface, 
which is attained by a bulk ratio of about 75 : 1, when using 
physiological salt concentrations. 

Turning now to the mechanism whereby Xa*^ increases, and Ca'^ ” 
decreases, water solubility in the cell membrane, we find that 
calcium produces closer packing by at least two factors: (1) in- 
creased lateral adhesion due to reduction in thickness of the 
ionic double layer, as given on p. 324; (2) increased lateral 
adhesion due to the cross-binding action of the divalent cation 
on several monovalent membrane anions {Danielli, 1937). Both 
factors tend to squeeze out of the membrane extraneous non-fatty 
molecules such as water and to increase the membrane viscosity. 

The foregoing theoiv’ gives a basis for the explanation of the 
general phenomenon of Xa-Ca antagonism, but that is all that 
can be hoped for at the present. If it is allowed that each ion is 
capable of exerting specific effects on the membrane of any cell, 
which are not determined completely by the net electrical charge 
of this ion or by its sign, it follows that antagonistic action b^y 
many pairs or groups of ions may be expected in permeability 
phenomena, e.g. Na-K, K-Mg, Ca-Mg and so on, and it further 
follows that these antagonistic actions are unlikely to fall within 
the scope of any general theory which does not take into account 
the more specific relationships between the individual ions and 
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the components of the membrane. The literature of general 
physiology^ is indeed well supplied with such examples of 
antagonism, many of which are imputed, often on the basis of 
insufficient evidence, to permeability changes, but the adequate 
explanation of any single case must depend on a much more 
complete quantitative investigation than any so far presented. 
The reader who wishes to follow this particular problem further 
would be well advised to read Hober’s masterly summary of the 
facts (1924, Chapter ix). 

The Penetration, etc. of Weak Acids and Weak Bases. In Chapter xiv 
we have pointed out that weak acids and weak bases frequently 
penetrate as the undissociated compounds, though weak bases 
also frequently penetrate after forming a complex with an acid ' 
component of the cell membrane. We must now consider the 
effect of surface ionisation on penetration of these compounds. 
With rapidly penetrating compounds obeying the equation 
P — ajb.ejn, surface effects are unimportant, and penetration will 
be uninfluenced by surface ionisation, except in so far as the 
structure of the membrane is altered. With slowiy penetrating 
compounds obeying the equation P=^z/2, the concentration of the 
penetrating molecules in the interfacial phase is most important. 
Consider the penetration of a w^eak acid IL4 of pK^, = ^ w'hich 
penetrates through, say, the Arhacia egg membrane as HA, not 
as A~. The surface phase of an Arbacia egg in isotonic (O-o M) 
saline has about five times the hydrogen-ion concentration of the 
saline. In O’oM NaT at pH 7 the concentration of is 

[HA]^ = [H^]5 [A~]^ X 10" = 10-7 X 0-5 X 10" = 0-05,1/. 

In the surface phase the Donnan equilibrium gives (ignoring 

surface acfivity) 

So that 

and 

[HA], = [H% [^1, X 10-5 =5 X 10-7 X 10-^ x lO^ == 0-005 M. 

Hence the concentration of the penetrating form HA is the same 
in the surface as in the bulk phase, and therefore its rate of 
penetration cannot be affected by surface ionisation. 

* In the case of the ions, the surface concentration of anions is 
decreased (e.g. A~ by a factor of 5 in the above calculations) and 



33^ THEORIES OF CELL PERMEABILITY 

of cations is incrf*;i,^ed by a factor of 5 for H~ in the previous 
calculatioi'i . ’Fliese changes, however, are purely due to elecrro- 
s!<i!ic ibrees. wliich in these circumstances will also change the 
activation enfT'gy, fCj, by a factor exactly compensating for the 
changes in concentration. Hence we find that, unlike the con- 
centration changes produced ioy surface activity :the Traube 
effect, the changes in concentrations of anions and cations at 
the membrane siiriace due to the ionisation of the surface mtH 
not directly affect the permeability of that ion. 

A factor whidi may prove to have importance is the possible 
chanee in structure of the membrane, and in its ability to form 
coinplexfrs wifii solute molecules, when the surface j&H is changed. 
Ill this coniieciioii it would be very interesting to know the changes 
in surface of cells in solutions of weak acids, and of bases such 
as veratrin, guanidine and acetylcholine. This information can, 
in some circumstances, be obtained from cataphoretic velocity- 
studies G,S. Hartley, 194U . 


PERMEABILITY TO IONS 

Thick Membranes, In Chapter xv we have given the theory of 
Michaelis, Wiibrandt, Teorell and Meyer & Sievers for the 
diffusion of ions through porous and fatty membranes of such 
thickness that diffusion across the membrane-water interface is 
very much more rapid than diffusion across the interior of the 
membrane. These theories apply to ions obeying the permeability 
equation P—'E.ah.en, and are fairly satisfactory when applied to 
the potentials developed across a membrane. The practical 
problem of the rate of transport of any individual ionic species 
across a membrane still presents many difficulties. 

The formulae for membrane potentials due to Teorell (1935), 
and Meyer & Sievers (1936), would probably be applicable to 
ceil membranes in cases where all the ions obey the equation 
P^ab.en, but not to other cases. The practical problem of 
finding when, and which, ions obey the equation P^ajb.ejn^ i.e. 
cases where the rate of diffusion across the membrane-water 
interface is relatively rapid, has yet to be solved. 

Diffusion Across Thin Membranes, Where the rate of diffusion of 
an ion across the membrane-water interface is comparable with, 
or much less than, the rate of diffusion across the interior of a 
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membrane, the equations P = Hae {nb + 2e) and P^'Za 2 will be 
obeyed respectively. No theory has yet been developed for the 
potentials in such cases. 'We are thus restricted to discussion of the 
factors which may influence the terms < 2 , e and n. The terms 
dz, b and e will each involve an activation energy, 

n is proportional to the membrane thickness, and will vary as 
the thickness varies, e is given by nX - n-rl) where D is the 
Pick diffusion constant and A the average distance between two 
adjacent potential energy^ minima in the interior of the membrane 
(see Appendix A), Thus anything affecting the Pick diffusion 
constant of an ion in the interior of the membrane will affect its 
rate of penetration. Electrostatic potentials set up by the diffusion 
of ions or by fixed charges in the interior of the membrane, and 
in the case of porous membranes, changes in pore size or ion 
diameter, will also affect the rate of diffusion. 

The term a is the constant defining diffusion across the mem- 
brane interface in the direction water ^membrane. The activation 
energy involved in a is the minimum kinetic energ)^’ necessary 
for carrying an ion from the aqueous phase across the interface. 
This involves (1) sufficient energy to break loose from the aqueous 
phase, (2) sufficient energy to make a “hole” in the membrane 
large enough to contain the penetrating ion. (2) will often be 
small in biological systems, but breaking loose from the aqueous 
phase may involve a large kinetic energy. For example, pene- 
tration of an ion into a lipoid membrane, such as the cell 
membrane, will involve either (a; tearing the ion completely 
away from the coat of water molecules which are normally bound 
tightly to it by electrostatic forces, or {b) breaking the hydrogen 
bonds between this bound water and adjacent water molecules, 
so as to remove the ion complete with its coat of water, or, of 
course, some step intermediate between these two. Other factors 
influencing will be the diffusion potentials, and the electrostatic 
potential barrier at the membrane surface due to the fixed ions 
and oriented dipoles of the membrane molecules. 

The term b defines the rate of diffusion across the interface in 
the direction membrane -s- water. The activation energy in- 
volved in b is composed, for lipoid membranes, of terms for the 
Van der Waals’ forces to be overcome, for the membrane interface 
electrostatic potential, for the diffusion potential, and for the 
energy necessary to make a hole in the water. 
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m 

li a, b and f can be: expr«.*.s>cd in terms or the same equation as 
that found useful for non-edectrolytes, e.^. 

jr _ 11.1 

G~r6.:_ .Tfnr,^ see Appendix A 53 , 

where r is a constant, and 6., is the probability that a molecule or 
ion will diffuse if possessed of kinetic energs' equal to , several 
more factors are given. E.g. the orientation of the ion is important, 
being involved in 6^, and 6^, Also the mass is invoh-ed. In 
aqueous solution the rates of diffusion of ions are believed to be 
more nearly proportional to their radii than to their masses, so 
the validity of equation 53 for ions may well be doubted. If a 
term for the ionic mass is not involved, then one for the ionic 
radius may be. It is quite possible, however, that through media 
of viscosity much greater than water, such as the cell membrane, 
equation (53 , is roughly true for ions also. Cowan, for example, 
found that the action of ions on the excitability of crab’s nerve is 
roughly correlated with the ionic mass with the small ions K"", 
Rb'" and Cs"". 

Lastly, the Traube effect may also affect a, but will only be of 
importance for cases where P= Ila 2 . 

Summing up, the permeability to an ion is defined by three 
sets of factors : 

(1) interface factors a and 

( 2 ) membrane ‘Siscosity” factor e, 

'3 ; thickness factor n. 

These factors are themselves influenced by 

i; mass or radius of ion (lipoid membranes); radius of ion 
and pore radius (porous membranes), 
iii, orientation factors 6^^ 

ill) adsorption (Traube effect), 
iv; values of /X, ,, /i,. 

And the^ terms involve effects due to 

(a) diffusion potentials, 

(jS chemical nature of membrane, 

( 7 , chemical nature of diffusing ion, 

(S) charge on membrane surfece, and on membrane pores. 



THEORIES OF CELL PERMEABILITY 


333 


With regard to the formulae available, equation (26;, 


is certainly valid ; Turton’s alternative equation (44} (Appendix A; 
may be more convenient for thick membranes, but cannot be 
accurate for thin ones. The expression of a, b, e for ions in the 
I Y — — 

terms J - - rj ^ is a possible relationship, which will be 

useful if proved correct. It is unlikely to be more accurate than 
when applied to non-electrolytes (see p, 348). 

The Effect of j&H on Membrane Permeability to Ions. One of the 
most valuable variables in the study of ion permeability is 
changes in this variable have "been the subject of many extensive 
studies, some of which have been mentioned in the experimental 
chapters. The essential theory for interpretation of results has 
been given by Osterhout (1933) and Davson & Danielli (1936). 
Penetration of membranes by ions may be separated into three 
types : 

(1) The ion passes through a homogeneous lipoid layer by 
simple diffusion. 

(2) The ion combines with an ion of opposite sign forming part 
of the membrane, and the resultant ionic doublet diffuses 
through the membrane. 

(3) The ion penetrates through pores. 

In all three cases the sign and magnitude of the charge on the 
membrane are of importance in determining the rate of penetra- 
tion, and both sign and magnitude of the charge are changed by 
changes. The charge density at the surface of cells varies 
between 200 and 25,000 e.s.u. per cm.^, or at most one CO^ group 
per 200 sq. A. ; usually the area per charge is much greater.* But 
from other considerations (Harvey & Danielli, 1938) -we know 
that the surface is largely composed of polar groups, and can 
hardly have less than four groups per 200 sq. A. These other 
groups must be the OH groups of sterols, lipin groups, and the 
GO.NH groups of proteins, etc. All of these groups contain 
electrostatic charges which are oriented at the oil-water interface, 
mostly with the negative ends of the dipoles turned towards the 
water phase, and the positive ends turned towards the oil phase. 

* Calculated from data given by Abramson, Electrokinetic Phenomena^ 1934. 
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Thus, due ti> the poLir uroups, an electric iield arises as shown 
k. 7 ! ii . 

.'lien iijiis are prcieni they will tend to accumulate round the 
of tile dipoles of opposite sign, producing the modified 
Tostaiic potential diagram of Fis”. 7i ^ We see that when 
dipole has its positive end in the oil or brane phase, 


W.r^.r i O:; 



■Daiancc rro;r. iratrfacd 


Fr:. 7], l'i:e tlrcrrical iield ar ar. oil-water surface: 'a; due to the dipoles 
crieraed a: the surface, b as modified by the presence of salt. 

there will be an excess of negative ions in the oil (or membrane) 
phase, adjacent to the dipole. Davson & Danielli (1936) pointed 
out that, with all the compounds likely to occur in the cell mem- 
brane, the dipoles are in fact oriented with their positive ends 
in the oil phase over the pH range 5-8, and for the great majority 
of compounds (ail except fatty acids) this is true over the pH range 
5-13. Consequently, it is highly improbable that the direction of 

* This concepiion has also been used by Gatty & Dean (1940) to explain the 
nature d sur^c potentials of monobyers at the air-water interface. 
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the electrostatic field due to the oriented dipoles will change its 
sign over the physiological range. Hence any action of this 
electrostatic field on ion permeability will also show no change in sign ocer 
the physiological p¥L range. 

Now consider the potential energy' diagram presented by such 
a membranej in which the two interfaces are so close that the 
two regions of excess negative charge inside the membrane overlap. 
As we have seen in the earlier part of this chapter even a molecule 
without a fixed net charge meets a system of potential energy- 
barriers, which may be represented in a smoothed-out form by 
Fig. 72 (<3). Then, if charged, the ion will meet additional barriers, 
represented by Fig. 72 (^) for a positively charged ion, and Fig. 
72 (r) for a negatively charged ion. If we sum these two potential 
energy terms we obtain the two curves of Fig. '72(d), which show 
us that, for a sufficiently narrow membrane, the potential energy' 
of negative ions inside the membrane is less than the potential 
energy of positive ions, i.e. the oil-water partition is greater for 
negative ions than for positive ions of the same structure. As the 
thickness of the membrane is increased this effect will fall off 
rapidly. Thus, for a sufficiently thin membrane, since the partition 
coefficient of negative ions is greater than that of positive ions, 
the permeability to negative ions will be greater than that to 
positive ions. 

Hence we conclude that, for simple diffusion of ions of similar 
structure through a lipoid membrane, T . there will be no 
reversal of selective permeability over the physiological pH range, 
(2) if there is a selective activity, negative ions will penetrate 
more rapidly than positive ions. This may be the cause of the 
selective permeability of red cells to negative ions. 

Where penetration is preceded by complex formation, the 
formation of complexes can be detected by the variation in 
permeability with concentration of the penetrating ion (Osterhout, 
1933; see also p. 198). Obviously complex formation can only 
occur when the membrane contains a lipoid-soluble anion, if 
cations are transported, or lipoid-soluble cations, if anions are 
transported. If both lipoid-soluble anions and cations are present, 
there will be an excess of the anions on the alkaline side of the 
iso-electric point, and an excess of cations on the acid side. Hence 
the selectivity of the membrane to ions of similar structure will 
change in the region of the iso-electric point. If only either 
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lipoid-soluble anions are present, the pH at which 

^elfcuvity falls off will depend upon the strength of the basic or 
acidic irroups of the ions concerned. 
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Fif,. 72. Potential energy- barrier diagrams of the ceil membrane: {a) met by 
uncharged molecule, b, extra term due to negative charge, (c) extra term due 
iLi positive charge, d summed potential energy’ (a-i-b) for negative ion and 
u-rt for positive ion. 


In the case of red cells, there is normally a negligible per- 
meability to cations, and a moderately large permeability to 
anions, the latter apparently due to simple diffusion. In other 
cells there is a moderate pMinneability to anions, and a variable, 
sometimes rather large, permeability to cations. In some cases 
where cation permeability is large and non-pathologicai, complex- 
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formation in the membrane appears to occur — this view lias been 
particularly advanced by Osterhout and his colleagues. 

With the third type of penetration — through pores — Perrin 
pointed out that the selective action must (and does^. reverse in 
sign at the iso-electric point. Davson & Danielli (1936j have 
shown that the selectivity will change at the iso-electric point, 
whether this point is fixed by ionic charges of membrane molecules, 
or by the polar group charges of membrane molecules. 

It is therefore theoretically possible to distinguish between the 
three possible modes of penetration of the cell membrane by the 
following steps: (1) study of the influence of concentration: this 
will pick out complex formation : (2) study of the effect of pH. in 
other cases; reversal of selectivity at the iso-electric point means 
a pore-penetrating mechanism. If there is no reversal in selectivity, 
then the mechanism probably involves simple penetration of a 
lipoid layer. 

There is a fourth point, the variation of the membrane structure 
with/?H which, unfortunately, may easily obscure influences by the 
other factors already enumerated. It is possible that the increase 
in cation permeability with alkalinity in the case of the human 
erythrocyte in isotonic sucrose (Maizels, 1935; Davson, 1939}, 
of the cat erythrocyte in isotonic KCl (Davson, 1940}, and the 
increase in anion permeability of the rabbit erythrocyte (Parpart, 
1940), are all instances of this sort of influence (see Chapter xii’ . 

Effect of Diffusion Potentials. Diffusion potentials arise when one 
or more types of ion in a system diffuses faster than other types. 
Consider the simple case of a Donnan equilibrium, in which in 
solution A there are fixed anions unable to diffuse through a 
membrane into a solution B. Then at equilibrium if the volume 
of A is fixed the concentration of cations in A will be greater than 
the concentration in B. Let B contain 0* 1 M Ca“ and OT Xa“ ^ 
and the equilibrium concentration of Na*^ in ^ be 1 -0 M. Then 


[Na]^ 

[Na]^ 



0-1 


or [Ca]^ = 3-3.U. 

VO-1 


Thus, in this particular case, the concentration of sodium in A is 
10 times greater than in B, and the concentration of calcium is 
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33 times greater. Since the equilibrium is a dynamic one, i.e. ions 
are cotuiriually passing from and from .4 we can write: 

conceiitraiion of sodium in .4 x rate oi diffusion .4 ~*B 

= concentration ot sodium in Bj x rate of diffusion B *4 , 

or 

Hence 1 ‘U x = 0* 1 x Pba » — b)^is • 

Similarly, for calcium, Pba-^^^ab- 

In other words, the inability of certain anions in .4 to diffuse into 
B has made the apparent average rate of diffusion, from B-^A, 
10 limes greater than from A—B, in the case of sodium ions, and 
33 times greater with calcium ions. How does this arise? 

The condition for equilibrium is that the sodium concentration 
in A shall be 10 times that in P, and the factor determining this 
unequal ratio is the presence of indiffusible ions in ^4.^ These ions 
can only exert their influence on the diffusion of Na ions by 
virtue of their electrostatic charge. There is a tendency for sodium 
ions to escape from .4 to P, but the escaping Na ions leave behind 
them negative chartres, so that a potential difference is finalK 
built up sufficient to reduce the permeability Pab and raise the 
permeability Pba nntil C-APAB-^shA- Thus, in this case, an 
inability of certain ions to diffuse causes not only an unequal 
equilibrium distribution of all diffusible ions, but also, by setting 
up a diffusion potential, changes the actual values of the observed 
permeability constants— increasing Pba and decreasing P^b, 
which would otherwise be equal. Similarly, diffusion potentials 
due to other circumstances modify ion penetration rates, and it is 
not necessarv’ for this effect that an ion shall have zero mobility, 
as in the case of the Doxman equilibrium: it is only necessary 
that the intrinsic diffusion constants of the ions shall differ. In 
attempting to deal quantitatively with ion permeability, it is 
therefore necessarv" to be able to deal with the terms due to 
diffusion potentials. 

Effect of Pariiiion Coefficients, Pore Size, Ion Diameter, Hydration, etc. 
When penetration of an ion occurs through a pore, ion diameter 
and |K)re diameter are convenient variables to consider, if only 
qualitative or semi-quantitative theoretical discussion is possible. 
" For quantitative treatment it is necessary to know the values of 
the activation energy of diffusion, or to have some other equivalent 
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measurement, but at present this is hardly possible. Discussion 
of the pore or sieve effect for ions is given in Chapter xv; the 
theory of Meyer & Sievers also takes account of variation in 
partition coefficient, but is not applicable to very thin membranes. 

In experiments on cell membranes the series of ions arranged 
in order of ionic diameter is subject to unknown effects due to 
variations in partition coefficients, and also the exact diameter of 
an ion is difficult to determine, since it is affected by hydration. 
The degree of hydration of ions is known to follow the series 
Li“ > Na^ > > Rb~ > Cs"^ (the lyotropic series^ , and where such 
a series is encountered in cell permeability it is plausible to 
attribute the series to the effect of ionic diameter — but it is equally 
plausible to attribute it to variations in partition coefficients. 
Quantitative work, essential for achieving a distinction between 
these two factors, is hampered by the fact that the amount of 
water of hydration of a given ion is indefinite, and varies within 
wide limits according to the method of measurement. Until such 
factors can be dealt with it is impossible to make a satisfactory 
analysis of permeability to ions, or of the effect of narcotics on 
ion permeability. 

In conclusion, it may be said that the theory of penetration 
of non-electrolytes is now taking a very definite shape, and we 
can deal in at least a semi-quantitative way with all the main 
variables concerned. But the complicating effect of the electro- 
static charge of ions has so far prevented a similar result being 
achieved for ions. The problem of special permeability to 
particular substances is also approaching a solution, in the 
achievement of which the studies of Schulman, Rideal and their 
colleagues on molecular interactions in monolayers may well 
prove to be the spearhead. 
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APPENDIX A 


THE THEORY OF PEXETRATIOX OF A 
THIN MEMBRANE 

By J. F. DANIELLI 


Deduction of a Fundamental Equation 

The plasma membrane of most cells is, to a first approximation, 
a thin layer of lipoid not more than 10”® cm. in thickness. In the 
following matter discussion will be restricted to such thin layers 
of lipoid, though many of the conclusions reached are valid for 
membranes of other materials. 

To a penetrating molecule a membrane presents three sites of 
resistance: (1) the membrane interface, for diffusion in the 
direction water ^ lipoid ; (2) the membrane interface, for diffusion 
in the direction lipoid water ; (3) the interior of the membrane. 
All previous studies have assumed that (1) and (2) are so much 
less important than (3) that (1) and (2) may be neglected except 
in so far as they enter into partition coefficients. This is not a 
justifiable assumption, for such thin membranes. 

The gross rate of passage of molecules from a solution of 
concentration C into the interior of the membrane is 





and in the reverse direction, fi*om the membrane into water, 



(43) 


where C' is the concentration in the membrane, a and b are con- 
stants Varying for different substances, and with temperature. These 
two equations define the rate of diffusion across the membrane 
interface. We now need to deal with the interior of the membrane. 

One method is to use Fick’s equation: 


dt~ ^ cx^ 


(19) 


where dS is the amount of substance diffusing across an area of 
1 cm.^ in time Bt under a concentration gradient dCjdx. Z) is a 
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constant for a given medium, substance and temperature. 'With 
the three constants a, h and D, we can obtain an expression for 
the permeability P of the membrane in gram moles crossing unit 
area per sec, per gram mol, per litre concentration difference, 
Mr F.J. Turton has made such an analysis, finding that, if 

^’^1 and -:~P C-C//, 

D at ' 


then 


where 



C, = concentration of the molecular species under consideration 
inside a cell of constant volume, 

C= concentration outside the cell, 
h = thickness of the cell membrane, 

/g = ‘' equivalent thickness” of the cell, i.e. volume per sq, cm. 
of membrane. 


This result (equation (44)} is valid within the range of values 
of fl, b and D possible in cases where the rate of permeation can 
be obseiv^ed experimentally, pro\dded diffusion through the 
membrane is so much slower than through the aqueous phase 
that the membrane may be regarded as constituting the only 
significant barrier to diffusion. If, in addition, 

— >1 and ^<^1, 

P-t ( 28 ) 


In this case diffusion through the interior of the membrane, and 
from membrane into water, is so much faster than diffusion from 
water into membrane, that only the latter factor is of importance. 

Unfortunately, Pick’s equation is not necessarily applicable to 
such thin layers. Pick (1855) assumed that the resistance to 
diffusion of a solute molecule was due to a medium of particle 
size negligible compared with that of a diffusing molecule. But 
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m fact m the cell membrane the resistance to diffusion is due to 
large molecules such as cholesterol, much larger than most 
penetrating molecules. In a medium of molecules of the same or 



Fig. 73. Potential energy diagrams of the ceU membrane: the potential enere^- 
barriers met (a) by a molecule such as glycerol, (4) by a molecule such as 
benzene or propane. 


greater size than the solute molecule, the diffusing solute molecule 
does not encounter a smooth continuous resistance, but an inter- 
mittant resistance, which may be represented to a first approxi- 
mation by the potential energy diagrams of Fig. 73. In this 
medium not every molecule will be diffusing simultaneously. 
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Many molecules will be vibraiin^ about a mean position between 
adjacent potential energ\’ barriers, and only those hating more 
than the niiiiimum kinetic energv’ necessary to pass over a 
potential energy ’carrier will in fact be capable of doing more 
than vibrate. The rate of diffusion through such a medium must 
now be considered. 

Let the distance between adjacent potential energy^ minima 
be A. Assume that the height of the potential energy' maxima 
and minima does not vary with time, and that the diffusing 
molecules diffuse only when possessed of the minimum kinetic 
energy p,., necessary to break the bonds restricting diffusion.* 
Consider diffusion through a section of the medium 1 cm.- in 
area, containing n maxima. Let the concentration at one side of 
the section be kept at Q, at the other side at Q, and the con- 
centrations in successive minima be C 2 , Cg, ... etc. When the 
condition of steady flow is reached the concentration across each 
maximum will be the same, cS ct. The rate of flow from Cq 
to Cl is 

(45) 


where ^ is a constant and is a function of [ig . Similarly, the flow 
from Q to Cq is 

d.\\_ 


dt 


=eC,. 


Hence the net flow' from Cq to is 


dt ~ dt~^ 




.(47) 


But Pick’s equation for the state of steady fiow^ is 

dS_ C«-Co 

dt^ ' ’ 

Combining (19T) and (47): 

72 


(19-1) 

...( 48 ) 


Due to Van d<a‘ WaaJs’ fi^ccs, hydre^en bonds, etc. 
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The expression D == {(« + i} ./ 2 } Xe reduces to Xe if ?i is large. But 
if the membrane is thin, n is small, and Z) is a function of n. i.e. 
of the membrane thickness. With this established we may now 
proceed to deal with the membrane as a whole. 

To different molecules the cell membrane will present different 
potential energy barriers, e.g. Fig. 73 f» Tor a polar molecule such 
as glycerol CH2OH.GHOH.CH0OH): Fig. 73 (h, Tor anon-polar 
molecule such as propane GHg . GHo . GH3; . But in all cases there 
are three types of barrier, one met on entering the membrane, 
one met on leaving the membrane, and n of height met in 
the interior of the membrane. 

Gonsider the case where the concentration on the two sides is 
kept steady at C and Q respectively. When the condition of steady 
flow is reached, the rate of flow across every barrier is the same, 
dSjdt, From the minor barriers we obtain equation (47). For the 
major barriers 

dS 

-^ = aC — bCQ = bC,^ — aC^ 

49 


Combining (47) and (49) : 




(C-6V 


Substituting for (Cq — C„) in (47) from (50; : 


dt 


e a 
n' b-\~2ejn 


{C-C,), 


But 


dt 


=P{C-C,). 


P= 


ae 

nb + 2e’ 


50 




( 26 ;* 


This is the fundamental equation defining the permeability of 
a homogeneous lipoid membrane. 

The equation P=ael(nb + 2e) has been obtained for a homo- 
geneous membrane. For an inhomogeneous membrane we must 


I am greatly indebted to Mr F. J. Turton for this simple analysis. 
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treat each area separately, i.e. obtain a term \nrbr^'2er> for 
the nh homogeneous element and then sum, obtaining 

The deduction of the equation P~ae is based on a few 

simple assumptions about the structure of matter. In its general 
form it is undoubtedly correct, and further advance in this matter 
must consist in filling in the details of our knowledge of the way 
in which e and n vary^ with molecular species, time, tem- 
perature, etc. 


Special Cases 

Consider a homogeneous lipoid membrane to which the equation 
^’nb^2€i applies. The value of is greater than (jl^ for 
the great majority of substances which penetrate cell mem- 
branes very slowly; hence for such substances b is much less 
than e, and with thin membranes, i.e. when n is small, nb may 
be neglected compared with 2e. Hence 


P= 


a 

o’ 


.(28) 


i.e. for molecules which penetrate a thin membrane very slowly, 
the rate of passage over the oil-water interface in the direction 
water oil is often the term dominating the rate of penetration. 
This is the same result as was obtained by Turton, assuming that 
Pick's equation could be applied to thin membranes. The reason 
why the same result is obtained from both sets of assumptions is 
that the effective resistance to free diffusion is almost entirely 
located at the oil-water interface, so that the nature of diffusion 
in the interior of the membrane is, in this case, unimportant. 

On the other hand, for many very rapidly penetrating molecules 
ub is equal to, or often greater than, 2e. In this latter case we 
obtain 


Tims we obtain simplified versions of equation (26) for very 
slow ly and for very rapidly penetrating molecules. 
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An Approximate Method for Evaluating a, b, e and n 


(1) Theoretical Aspects, 

There is no accurate method yet available for evaluating a. h 
and e. The following procedure yields an approximate result. 

Consider equation (42), dN\dt—eC^, which gives the rate of 
flow of molecules from one side to the other of a single potential 
energy barrier of height /Xg calories. If the media on either side 
of the barrier were perfect gases, e would be given by 




RT - 


2nM 


RT 


,[o2) 


where R is the gas constant per gram mol., T is absolute tem- 
perature, M is molecular weight. If the medium is not a perfect 
gas, the numerical coefficient of the terms on the right will be 
different, and we shall multiply the right-hand side by a constant 
r to compensate for this. This correction is purely empirical. Then, 
in addition, not every molecule having the minimum kinetic 
energy diffuse; let be the probability 

that a molecule having the activation energy /tg will actually 
diffuse across a potential energy barrier. Then 


e = rp, 


DT —J-L 
RT 


2UM 


(53j 


and = '54) 

This semi-empirical equation needs testing to ascertain its limits 
of accuracy. This can be done in the following ways: (1) keeping 
M constant and varying the temperature: then any failure in e to 
follow the predicted course must be due to variation in or 
some inadequacy in the terms A suitable method for 

this study is the rate of diffusion of molecules across the liquid- 
vapour interface at various temperatures; it is found that, if 
allowance is made for the variation in with temperature, the 
terms are accurate, to a first approximation, and the 

value of e at any temperature may be calculated from the value 
at any other temperature within a range of 50° C. with an 
accuracy .of ±10%. (2) Keep the temperature constant, and 

vary M. This tests the terms -^(IIM) eT/‘‘. This may be done 
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using the Fick diffusion constant for diffusion in liquids, for, as 
we saw above, e^D A, so that 

(55) 

(56) 

Or, since A is approximately constant also, DM-e^t should be a 
constant, say jS, if the terms in equation (53) are correct. 

Unfortunately there are \'ery few accurate values for under 
these conditions, but with the values available we can show that 
from the average value of the value of D for any other molecule 
up to the size of glucose can be calculated, with an error not 
greater than ± in solvents such as water and alcohol. 

The validity of Thovert's equation, Z>Af^= constant (see 
Chapter v), is probably due to the fact that e^e does not vary 
greatly in solvents of low viscosity, so that from (56) we have 
Z)3/^= constant, approximately. 

Summing up, equation 53) must be regarded as approximate 
only, but it can be used for approximate work. The error involved 
in the calculation of e by this equation is probably much less than 
a factor of fivefold, so that if we can assume the calculated value 
of e may be five times less or five times greater than the true value, 
we shall probably be within safe limits. 

This leaves the terms a, b and n. Of these a and b will be of 
the same form as e. n cannot be estimated accurately, but cannot 
be less than ICr^cm. Hence if the thickness of a membrane is 
divided by 10”® we obtain a maximum value of 72 = 50, in the case 
of a membrane 50 A. thick. The relative values of a and b can 
also be obtained from the partition coefficient for 



Now consider the special case of equation (28). Substituting 
from (53) we have 

n I RT 

( 38 ) 


and at constant i ; r = constant. 



Hence 


(59) 
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And substituting for in (57y : 

= constant, at constant 
Similarly, in the special case of equation (2 


r-io 

10 

temperature. 


60 



a e_r<f>a4>, 1 RT .'—1^' 



b n nc/)^ V 2nd/' 


Hence 

iQw)p = J-^e Ir-io/. . 

62 


; T~10 


And 

nj,, V 2n ! v T } 

63 


= constant, at constant temperature. 

Probably so that <j>^ and in equations ;61 and .’63} 

cancel out. 

So we find that, if equation (53) is approximately correct, then 
for the two special cases of equations (27) and (28; FM- 
is constant at constant temperature, and the temperature variation 
of P may be calculated. PM- and are negativeh* correlated. 
For a membrane made up of areas of varying properties, and 
P will differ from place to place. If each area were treated 
separately, we should find = constant. But experi- 

mentally we measure an average and an average P, and hence 
for such a membrane PM^ constant. 

For homogeneous membranes, owing to the deficiencies in equa- 
tion (53), permissible variations in will lie between 

values five times less and five times greater than the average value. 

Since PM^ and (Qiq) are negatively correlated for a homo- 
geneous membrane, if this negative correlation is not observed 
in a particular series of experiments, the membrane involved 
cannot be homogeneous. This applies to aU types of molecules, 
not only those obeying (27) and (28). 


(2) Practical Aspects, 

In practice one can make only two direct observations, giving 
(1) the permeability constant P; (2) the Hence to obtain 

values of a, e and n we must resort to a number of devices. In 
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the first place we shall not be able to make the fullest quantitative 
use of equation P — ae .nb'r'ie], but shall be restricted for quan- 
titative work to the special case of slowly penetrating molecules 
obeying the equation P = a '2. To prove that this equation is 
obeyed we must prove that nb 2e^ i.e. we must know the minimum 
value of r, and the maximum value of n and b. 

TABLE LXXI 


All figures here refer lo flow per sq. cm. per sec. per gram mol. per c.c. concentration. 


Substance 

Min. 

value 

ho 

Min. 

value 

of M; 

Max. 
value 
of a 

B 

Max. value 
of nb 

(' =s 5<)£2, B} 

Propvi 

>03.. IH-- n-Tii 

I -37 


i-22 >' 

0-005* 

1-22 xlu8 

alcohol 

Urea 

SiT>. 3-7»i 

i-y) 

lM.2‘M-' 

i■^l X U.o 

0-05 

6-0 X 10" 

Thi«,>urea 

3.3 

2-14 

12,750 

2-0 X In-J 

0-015* 

6-7 X 10- 

Ghcol 

0-3x10-3 3.72 

2-02 

1S.4W 

1-41x10-" 

0-00049 

i-44 

Dioxy- 

.^•2oxlU-^ 3-3 

3* 1 1> 

22,50fj 

1-03x10'^ 

0-0059 

8-7x10-5 

propOiiic 

Glycerol 

7-2x10-3 2SS 

3-65 

22,2tH;» 

1-02x10-8 

0-00007 

1-15 X 10-2 

%y Dioxy- 

S-25xl0-3 3-3 

3-31 

20,3o0 

4-28x10-- 

0-001 

2-14x10-2 

propane 

Dieihvkne 

0-11x10-3 2-7*t 

3-42 

2f>,SiMj 

1-26x10-' 

0-005* 

1-26x10-2 

elycol 

Trieihviene 

r.-75vlM'3 2-3 

3-34 

2o,5h0 

2-22 X 10-’ 

UU2* 

5-00 X 10“^ 

glvcoi 


♦ 

Approximate values. 




The interior of the cell membrane is a hydrocarbon liquid 
and its viscosity cannot be more than 10* to 10^ times greater 
than that of water — if the membrane were of olive oil, for example, 
the viscosity would be only 10- times greater than water. Hence 
the minimum value of the Pick diffusion constant D in the mem- 
brane interior cannot be less than about 10”* of the value in 
water D . . Hence 


The maximum possible value of A is 5 x 10~'^ cm. (it is probably 
nearer to 10”® cm.}. Hence the minimum possible value of e is 
given by 


10 *i)water 
' 5x10-7 


= 2xl02i),. 


.(64) 


The maximum po^ible value of n, for a membrane about 50 A. 
thick, has been given above as 50. 



■| 57 ) 


Lastly, b is given by 
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where B is the oil-water partition coefficient. Hence to find b we 
need which must be obtained from equation (53^ . Now in the 
equation P == ae j (nb + 2e) the term having the largest Q^q is a. 
Hence the ^ is either equal to the of a, if the molecular 

species obeys the simplified form P = a '2, or else is less than the 
Qio of a, i.e. the of P<Q^q of a. The higher the Qiq of a, the 
smaller is a. Hence, if we calculate from :59^, we shall 

obtain the maximum possible value of a when this value of 
is substituted in equation foSi. The term \RT2Uyi of 5S is 
also known, so that now we only need the value of to set the 
maximum possible value of a. In solvents such as water, benzene 
and alcohol, rcj)^ varies very little, and is about 10® to 10®. In 
solvents consisting of larger molecules, is probably smaller, 
so that if we use the value 10® we have the maximum possible 
value of r<l>. Hence the maximum possible value of a is 

'p /'g 

per cm.2 per sec. per mol. per litre, 

65 


where is calculated from the of P. Then the maximum 
value of b can be obtained from equation (57). 


Substance 

Propyl alcohol 
Urea 
Thiourea 
Glycol 

ajS Dioxypropane 
Glycerol 

<xy Dioxypropane 
Diethylene glycol 
Triethylene glycol 


TABLE LXXII 


p 



10-6xl0-i« 

1-37 

1-1 X 10--" 

7-8xi0-i« 

1-86 

s-ox !«>-• 

0-019 xl0-i« 

2-14 

1-7 X IM - • 

0-209 xl0-i« 

2-92 

2-06 X lu-- 

0-405 xl0~ie 

3-75 

S2-0 

0-0017 X 10-“ 

3-65 

0-17 

0-105x10-“ 

3*31 

0-4S 

0-075 X 10-“ 

3-42 

M6 

0-0333 X 10-“ 

3-34 

0-2S 


We now have the minimum value of e, maximum value 
n and b. If nb<^2e, then if the membrane is homogeneous 
PAf' = constant. If this quantity is not constant for 
molecules for which nb<^2e, the membrane is not homogeneous. 
Tables LXXI and LXXII show an example of this treatment 
applied to the data of Jacobs et al. (1935) for ox red cells, assuming 
the partition coefficient membrane/water = partition coefficient 
olive oil/water. It will be seen that only dioxypropane, 
ay dioxypropane, glycerol, diethylene glycol and triethylene 
glycol have maximum values of nb<^2e. Of these molecules 



dioxypropane is unsymnieirical and will not have the same 6 
value as ilie o'.her ir.olecules. This leaves the last four molecules, 
which should ol jey the equation P — c 2, so that if the membrane 
is hoiriogeueous should be approximately constant. 

Table LXXII shows that this quantity is within the permissible 
limits of variation. Hence the membrane must be homogeneous, 
to a first approximation. 

The Quantitalke Relationships between Permeability and Partition 
Coefficients. In the case of very slowly penetrating molecules for 
which P~a 2, we can use (57} to relate P to the partition 
coefficient B: then 


^ i RT 
- 2Br4>t, ^ 2n.U^ 

JiL. 

or PM^ = P X constant, at constant temperature. 


.( 66 ) 


Hence PM^e^i>^^^ is a linear function of the partition coefficient B. 
/Xj, is given approximately by = 750.v calories, where .v = number 

of unscreened CHg groups per molecule. CHg groups screened from 
the solvent by jx>lar groups such as OH do not contribute to x. 
In the other e.xtreme case, very rapidly penetrating molecules, 


bn n 



' RT 

2n.u 


Or, since fig probably varies only slightly from substance to 
substance in liquids, 

PM^=^B X constant, at constant temperature (67) 

Hence in this case PM^ is, to a first approximation, a linear 
function of the partition coefficient. Both these relationships (66) 
and (67 * are subject to the accuracy limits of a factor of fivefold 
mentioned earlier in connection with equation (53). 


References 

Fick. 1855. Pogg. Am. ^ 59. 

Gla^man & P.\RPART. 1935. J, Cell. Comp. PkjmoL 7, 197. 



IXDEX^ 


Acer plaiinoides, effect of narcotics on 
permeability of, 253 
Acetamide, 90, 97, 1 01 5 104, 108-9, 299 
Acid, acetic, 107 
butyric, 107 

fatty, 127, 128, 196, 200 
formic, 107 
hydrochloric, 107, in 
lactic, 196 
propionic, 107 
uric, 292, 300 

Activation energy^ 51-8, 312-17, 322 
“Active patch” theory of permea- 
bility, 166, 311-12, 321-2 
Adonitol, 87 
Adrenaline, 126, 196 
Albumin, 125, 293 
Alcohol, butyl, 90 
ethyl, 86, 90, 97, 99 
methyl, 86, go, 97, 99 
oleyl, 130 

propyl, 85, 90, 91, 93, 350-1 
Aldehyde, 87 

Allium, permeability of, to weak 
electrolytes, 200 
Allocholesterol, 129 
Amino acids, 86, 87, 88, 105, 299 
Ammonia, in, 196, 198-201, 250-1 
Amoeba, wetting properties of, 62 
Anions, see Salts 

Anomalous osmosis, 167, 279-80 
Anthocidaris egg, effect of salts on per- 
meability of, 1 1 9 
permeability of, to water, 1 1 9 
Antipyrin, 97, 99, 108-9 
Arabinose, 87, 88, 106, 298 
Arbacia punctulata egg, calculation of 
permeability constants for, 47-9 
effect of environment on, 1 04, 118, 
121, 181 

effect of fertilisation on electrical 
capacity of, 212 

effect of fertilisation on permea- 
bility -of, 104, 121 

effect of narcotics on permeability 
of, 247-8, 256-7 

effect of parthenogenesis on per- 
meability of, 1 2 1 

effect of salts on permeability of, 
104,. 118 


effect ^^niJgr^tHre on, 261 

eiectricaioift^ity 

membrane 

methods of study of, 1 2 
permeability of, to hca'/y water, 
121 

to non-electrolytes, 104, loS 
to salts, ;8i 

to water, 1:7, 118, 1 20, 121, 
326 

to weak electrolytes, 200 
wetting properties of, 63 
Arenicola, effect of narcotics on per- 
meability of, 246 
Argon, 259 

Asterias egg, effect of narcotics on 
permeability of, 246 
electrical capacity of. 205 
permeability of nuclear membrane 
of, 122 

Bacteria, effect of environment on, 
207-9 

electrical resistance of, 207-9 
membrane structure of, 207-9 
Bacterium paracoli, membrane structure 
of, 100, 1 01-3 

permeability of, to non-electrolvies, 
100, 10 1-3, 109 

Beggidtaa tnirabiiis. membrane struc- 
ture of, 10 1 -3 

permeability of, to non-electro- 
lytes, 1 01 -3, 109 
to weak electrolytes, 200 
Bicarbonate, 114 
Birefringence of erythrocy’tes, 62 
Biuret, 86 

ButvTamide, 104, 299 
Buxus semperdrens, effect of narcotics 
on permeability of, 252-3 

Capacity, electrical, 204-12 
Capillary, effect of enzyme poisons on, 

125 

methods of study of, 15-16 
permeability of, and colloid osmotic 
pressure, 122 
to fat, 130 
to protein, 125 
to water, 1 22 


23 



INDEX 


354 

Capillary* membrane, permeability of, 
to non-electrolytes, 106-7 
structure of, it>6 

CaTassius, permeability of, to sails, 

184-5 

Carbon dioxide, iii-i:;, 114-15. lob, 
251 

Carbon monoxide, 113-14 
Carotenoid, 129-30 
Carrot, permeability of. to v.-ater, 121 
Cations, see Salts 
Ceil, divisicui of, 2 
Cell surface, 60-75 
Cement, inter cellular, 208-9 
Centrifuge error, 7, 142-3 
Ceranihun. membrane structure of, igd 
permeability of, to non-electro- 
iyies, 100, 108 

ChadQpterus egg, effect of fertilisation 
on electrical capacity of, 212 
electrical capacity of, 205 
permeability of, to dyes, 195 
to non-electrolytes, 104, 108 
to water, 1 1 7 

Qiara ceratophyllc, effect of medium on 
permeability of, 1 76 
effect of narcotics on permeability 

of. 351 

permeability of. and partition 
coefficients, 96 

to non-eiectrolvtes, 76-7, 96-8, 
108 

to salts, 1 76 
sap of, 1 72-3 

structure of membrane of, ^-8 
Chemical structure and permeability, 
91-2 

Chitin. membrane strucrnre of, 106-7 
methcid of study, 1 5 
Chitin membranes, permeability of, 
to non-electrolytes, ic^-7 
Chloride, 114, 259, 292 
Cholesieroi, 127, 129 
Clowes theory, 327-8 
Ck)ilodion membrane, effect of nar- 
cotics on permeability of. 249- 

50 

perinea WHty of, to dyes, 1 30 
to fat, 130 
to gases, 1 1 1 

to non-electrolytes, 78, ^ 
to protein, 130 ' 
potentials of, 2 1 5-22 
Ctmnective tissue, permealMlit)' of, 1 1 2 


Constants, calculation of permeability, 
40-g 

Ck)pper, 94-5 
Creatine, 300 

Creatinine, 292, 294, 296, 299, 300 
CrerJhbrus egg, permeability of, to 
salts, 182 

Cumbigia egg, effect of fertilisation on 
electrical capacity of, 212 
electrical capacity of, 205 
permeability of, to non-electro- 
lytes, 104, 108 
to water, 1 1 7 

Curcuma, membrane structure of, 1 00 
permeability of, to non-electrolytes, 
too. io 3 

C>-ai:arrdde, 97. 99 
Cyanide, 83 

Death, and permeability to salts, 
206-9 

Diacetin, 97, 99 
Dicyandiamide, 97, 99 
Diethyl urea, 97, 99 
Diethyimalonamide, 97, 99 
Diffusion, and hydrogen bonds, 52 
and kinetic energ\', 51, 52. See also 
Activation energy 
effect of field forces on, 50 
equations for, in liquids, 53-5 
mechanism of, in gases, 50 
in non-polar liquids, 51 
in polar liquids, 52-5 
in vapours, 51 

through cell membrane, 55-9, 

310-53 

temperature coefficient of, in liquids, 
54"5 

through cell membrane, theory’ of, 
50-84, 215-30, 310-52 
through thin fatty layer, equations 
for, 56-8 

of non-polar molecules, 56 
of polar molecules, 55-6 
\"an der Waals’ forces and, 51 
Diffusion of vapours, 5 1 
Dihydrocholesterol, 129 
Dimethyl urea, 97, 99 
Ditylum, permeability of, to water, 
122 

Dulcitol, 88 

Dyes, 194-5, 292» 300-8 
Ekx:tn>lyles, see Salts 



INDEX 


355 


Elodea, permeability of, to non- 
electroiytes, lOo 
structure of membrane of, too 
Environment, effect of, on resting 
potential, 230-5 
on skin potential, 241 
effect of narcotics in, 245-57 
effect of non-electrolytes in, 94-6, 
121 

effect of osmotic pressure of, 145-7, 
I55> 183 

effect of salts in, 93-8, 104, 118-22, 
^44~5> I47j ^5*^3 ^55’'7: 158^ 
159-673 169-91 , 207-9, 322-30, 
333-7 

Enzyme poisons, 83, 106, 125, 13 1, 
1473 15I3 1593 245-57, 296, 
298,304 

Equations, for calculating permea- 
bility constants, 40-9 
for diffusion in liquids, 53-5 
for diffusion through thin fatty 
layer, 56-8 

Equilibrium, Gibbs-Donnan, 28-30, 
219-20, 322-4, 329, 337-8 
Equilibrium conditions, of erythro- 
cytes, 23-35 
of muscle, 35-8 
of nerve, 37-8 
of plant cells, 21-3 
Erythritol, 87, 89, 90, 97, 99, too, loi, 
102, 105, to8-9, 250 
Erythrocyte, absorption spectrum, 1 1 
and “active patch” theory’-, 321 
and enzyme poisons, 147-51 
and temperature coefficients, 145-6, 
161 

birefringence of, 62 
calculation of permeability con- 
stants of, 44-7 

effect of acid phosphate on, 138 
effect of age on permeability of, 

157-8 

effect of copper on permeability of, 
■ 94-53 322 

. effect of environment on, 31-2, 93- 
5, 144-7, 150, 152, 155-7, 158, 

325 

effect of lyotropic series on per- 
meability of, 159-65 , 

effect of lysins on permeability of, 
147-8, 270-5 

effect of narcotics on permeability 
of, 159, 248, 250-1, 252-6 


effect of non-electrolytes on, 33-4 
effect of/>H on permeability of 94-3 
effect of salts on permeability of, 95, 
120 

effect of temperature cii permea- 
bility of, u3, 259-61, 315-16, 

351 

electrical resistance of, 203-6 
equilibrium conditions of. 23-35 
fragility of, 1 1 

haemoivsis and electrical resi*:anc>' 
of'aoo-io 

hypotonicity and perineab:-::' .^n 

145-73 155 
lipoid of, 61-2 

membrane structure of, 92-3, 1 63-7 
methods of study of. 5-1 1 
permeability of, to alcohols, 86, 90, 
91, 93, 260, 350-1 
to alcohols, polyhydric, 87-91, 
2 50. See also Erythritol, Glycerol 
and Glycols 
to aldehydes, 87 
to amides, 87, 90, 92 
to amino acids, 86, 87, 88 
to anions, 1 33-B 
to bicarbonate, 114, 133-8 
to biuret, 86 

to carbon dioxide, 1 14, 133-8 
to carbon monoxide, 1 14 
to cations, 138-67, 260; effect of 
centrifuging on, 142-3; effect 
of pH on, 1 44-5 ; effect of non- 
electrolytes on, 1 51-2; in :i '~9 
experiments on, 140-1 
to chloride, 114, 133-8, 259 
to erythritol, 87, 89, 250 
to etiiers, 86, 87 
to glucosides, 87 

to glycerol, 86-8, 91-3, 250, 260- 
I3 350-1 

to glycols, 87-9, 91, 933 250, 260, 
350-1 

to heavy water, 1 2 1 

to inositol, 86 

to ketones, 87 

to mannitol, 250 

to methyl urea, 90 

to non-electrolytes, 86-96, 350-1 

to oxygen, 113 

to potassium, 138-67, 260 

to pyridine, 86 

to sodium, 138-67 

to sugars, 86^, 91, 249, 259 

23-2 



Enihrocyte, permeability rsf cnvA. ^ 
to liiiourea, B9, p>, 93, ^50. abu, 

35(?-i 

to urea, Bb-i}- 93- -5‘*? 

to water, ii :. 1-20, 200, 323 
lu weak electrolytes, 1 99-201 
relative permeability to non-eiet- 
irolyies, 108 
species of: 

bird, B6, 89, 114* I39^ 250 

camel, 88 

cat, 88, 92, 140. 1 53-^4. 

250, 253-5. 2«k> 
doe, 88. 13B-4-- 250, 201 
ilsh, 89, 143, 230 
froi?, 89 

goat, 88, 133. 261 
OTound hog, 250 

guinea-pig, 88, 92, 94? ^39. *4^*’ 
151,250,26(3 

horse, 88, 135. ^39. ^43. ^4^> -a’ ’ 
261 

human. 87-9, 9^"'5 j 
135-7. i39'~4^> ^43. U*' 

151-2. 249, 259, 2bo, 321 
monkey, 87, 13^4*^^ 
mouse, 88-9, 94. ^3^^ 

ox. 87-9. 91-3. ^ M 1 1 7- 1^0, 

135. I37"-4C>. H- 

250. 252, 26cn 2b I, 315? 32-. 

350-1 

pig,' 88-9. ^35. 137, 139. 14b. 

261 

rabbit, 88 - 95 , *3^0. *43. *45. 

146, i 47-5*"-». 250, 260, 321, 322 
rat,8B-9, 92, 94* *3S-9. *5*. 

sheep, 88 , 114 . *35. *37-4®. 25®. 
261 

snake, 89, 250 
turtle, % ^ ^ 
species speciheiu', 87-9 
wetting properties of, 62 
Ether, 83 
Ethyl urea, 97, 99 

Fat, 127-31 , . , 

Fertilisation, effect of, on elcctncai 
capacity, 212 
on permcaHlity, 104, i2i 
Fibroblast, permcaHlity of, to water, 
117 

Fick’s Law, 40, 53, 34‘^ 


Film penetration, 124, 127-9, ib4 

Fluoride, 83 

Fomiamide. 97 . 99 

Fragility, ii • i 

Frog muscle, resting potential oi, 

233-6 

Frog nerve, resting potential of, 230-5 
Frog skin, effect of environment on 
potentials ot, 240-1 
electrical resistance of, 207 
method of study of, 1 5 
permeability oi 5 112, i 84~'5 

potentials of, 240-1 
Fructose, 106, 298 

Fiirji, permeability of, to water, 1 17 
F;,.*. permeability of, to salts, 

* 77 “^* — Rt 

effect of environment on, i / /-ot 

Galactose, 87, 106, 298 
Gases, permeability to, 1 11-15 
Gelatin, permeability of, 1 12 
Globulin, 293 
Glomerulus, see Kidney 
Glucoheptose, 87 

Glucose, 83, 86-7, 9 *. “ 49 . ^ 59 . 

292, 294, 295-6, 298-9 
secretion of, 284-7 
Glucoside, methyl, 87-91 
Glvcerol, 85-91. 94 - 5 . 97 . 99 . * 0 ° 4 . 

250,260-1,299,3*^5350-* 
Glycerol ethyl ether, 87, 89 
Gl^erol methyl etiier, 97. 99 
Glycols, diethylene, 91, 104, 108 9, 
260, 316, 350- 1 

ethvlene, 87-90, 97, 99-*02, 104. 

' !o 8-9, 250-1, 260, 299 
propvlene, 91, 93. 97. 99. *04. *0° 

9, 260,316, 350-*^ 
triethylene, 91, 260, 316, 350 i ^ 
Glvcolysis and permeability, 147-5* 
Gold fish, permeability of, to salts, 
184-5 

Gregarina, permeability of, to non- 
electrolytes, 108 
to water, 1 1 7 

Gmda, effect of environment on, 1S3 
permeability of, to salts, 183-4 

Haematocritc, 7 
Flaemoglobin, 125, 293 
Haemolysis, 8-10, 26-7, 147-50. *04 
5, 263-78 

ami ii^branc resistance, 209-10 
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Halicystis, potentials of, 238 
sap of, 172-3 

Hamburger shift, 1 24, 1 33-8 
Helium, 259 
Hexadecane, 130 
Hexane, 85 

Hipponde egg, electrical capacity of, 
205 

Histamine, 126 

Homogeneity of membrane, tests for, 
80-1 

Hydrocharis, 60 
Hydrogen, 111-12, 259 
Hypotonicity, effect of, on permea- 
bility, 145-7^ 155 

Impedance, 204-12 
Inositol, 86 
Insulin, 126 

Intestinal mucosa, effect of enz^mie 
poisons on, 106 
membrane structure of, 106 
methods of study of, 16-17 
permeability of, to amino acids, 
105-6 

to carotene, 129 
to fats, 127-30 
to fatty acids, 1 27 
to hexadecane, 130 
to non-electrolytes, 105-6 
to oleyl alcohol, 130 
to phospholipins, 129 
to phytol, 130 
to protein, 126 
to sterols, 127, 129 
Inulin, 294, 296 
lodoacetate, 1 06 
Ions, see Salts 

Ipojnea learii, effect of narcotics on 
permeability of, 251-2 
Isotopes, use of, 17 

Kidney, 283, 289-309 
action of enzyme poisons on, 125, 
296, 298, 304 

activity of tubules of, 298-307 
excretion ofinulin by, 294 
excretion of proteins by, 125-6,293 
glomerular filtration by, 291-5 
secretion of dyes by, 300-8 
tissue cultures of, 302-4 
Kinetic energy and diffusion, 51, 52 


Lactose, 87 
Laevulose, 87 

Laminaria^ effect of environment on. 
170-4 

effect of narcotics on permeability 
of, 252 

electrical resistance of, 170, 172, 
207-9 

membrane structure of, 207-9 
permeabilitv’ of, to salts, 1 70 
Lead, effect of, on permeability, ; 4" 
Lecithin, 129 

Lenviui^ permeability of, to nm- 
electrolytes, 100 
membrane structure of, 1 00 
Leucocyte, electrical capacity of, 205 
permeability of, to water, 117, 120 
wetting properties of, 62 
Licmophora, membrane structure of, 
98-101 

permeability of, to non-electro- 
lytes, 98-101 

Lipoid layer theory, 60-75, 76-81, 
92-3, 96- 1 or, 104, 107-9. ^24. 
127, 13 1, 163-7, 194-5^ 204-6, 
223-8, 235-7, 246, 255, 276, 
310-30 

Lipoid layers, X-ray analysis of, 72-3 
Lipoid membrane, 76-7 
porous, 79-80 
potentials of, 223-8 
Lipoid of eiythrocyte, 61-2, 199 
Liquids, diffusion in, 51-5, 258-9 
Lupin, effect of environment on, 1 70 
permeability of, to salts, : 70 
Lyotropic series, 159-64 
Lysins, 147-8, 270-5, 276-7 

Maia, action potential of nerve of, 

231-5. 237 

resting potential of nerve of, 231-5 
Malonamide, 90, 97, 99, 100, loi, 
108-9, 299 
Maltose, 87 

Mannitol, 87, 88, 250, 299 
Mannose, 86, 87, 106, 298 
Matrix, intercellular, 208-9 
Medium, see Environment 
Milanoplus egg, electrical resistance 
and capacity of, 212 
Melosira, membrane structure of, 98- 
lOI 

permeability of, to non-electrolytes. 
98-101, 108 


Lactamide, 90, 97, 99, 299 
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Membrane, assymmetry, 120 
collodion, see Collodion membrane 
erythrocyte, structure of, 92-3 
glomerular, see Kidney 
homogeneity, tests for, 80-1 
lipoid, 76-7, 107-9, 124-7 
dilfusion through, 55-8 
potentials of, 223-8 
mosaic, 80 
nuclear, 132 

plasma, see Plasma membrane 
porous, 77-9; 86. See also Sieve 
^ theoiy' 
lipoid, 79-80 
potential, 215-41 
protein, see Protein membranes 
silica glass, permeability of, to 
gases, 1 12, 258-9 

structure, and temperature coef- 
ficient, 55, 93, 104, 258-60, 
312-16, 349-52 
Arbacia, 104 
bacteria, 207-9 
Bacterium paracolic 100, 101-3 
Beggiatoa mirabilis^ 101-3 
capillary, 106 
Ceramiurn, too 
Chara ceraiophjlla, 96-8 
chitin, io6~7 
Curcuma, 100 
Elodea, too 

en'throc\te, 92-3, 163-7 
LaminaruL, 207-9 
Lemna, 100 
Lkmophara, 98-101 
Sfelosira^ 98-101 
muscle. 235-7 
nerve, 205, 210, 21 1, 235-7 
yitiiid, 239-40 
Oedogoniwti, 100 
Oscillai&ria, 100 
too 

yiateila, too 
Rhom, 9^100 
Sptogyra, 98-100 
Tarax^Mm, 100 
Valmm, 239-40 
JZygmrm, 100 
vkewity of cell, 32 1 
Metabolism, relationship to permea- 

3. 245-57 

Methods, 12-13 

caf^llaries, 15-16 
chitin, 15 


erythrocyte, 5-1 1 
frog skin, 1 5 
intestine, 16-17 
isotopes, 17 
muscle, 14 
nerve, 14 
plant cells, 13-14 

Methyl urea, 90, 97, 99-101, 102, 

‘ 108-9, 299 
Methylol urea, 97, 99 
Molecular volume, 90, 96, 97-103, 
106, 107, 320 
Monacetin, 97, 99 
Monochlorhydrin, 97 
Mosaic theory^ 80, 310 
Muscle, accumulation of salts by, 
•283-4 

effect of narcotics on permeability 
of, 246-7 

electrical resistance of, 207 
equilibrium conditions of, 35-8 
impedance of, 212 
membrane structure of, 235-7 
methods of study of, 14 
permeability of, to gases, 1 12 
to salts, 185-9 
resting potential of, 233-7 
effect of narcotics on, 246 
effect of various substances on, 

234-5 

Xarcotics, 83, 159, 245-57 
Na-VT, accumulation of salts by, 284 
electrical capacity and resistance of, 
205,212 

equilibrium conditions of, 37-8 
impedance of, 212 
membrane structure of, 205, 210- 
235-7 

methods of study of, 14 
permeability of, to oxygen, 1 13 
to salts, 189-91 

resting potential of, effbet of nar- 
cotics on, 246 

effect of various substances on, 
“230-7 

XHella, action potential of, 210-11 
effect of en\fironment on, 171-5 
electrical capacity and resistance of, 
171, 205, 210-12 

electrical resistance, effect of en- 
vironment on, 2 1 1 —1 2 
pameability of, to dyes, 195 
to salts, 1 72-5 
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Mtella (cont.) 

potentials of, 238-9 
sap of, 1 72-5 

structure of membrane of, 239-40 
Nitrogen, 111-12, 259 
Non-electrolytes, permeability to, 85- 
1 10, 248-51 

theory of permeability to, 50-9, 76- 
83, 310-30 

Nuclear membrane, 122 

Oedogonium^ membrane structure of, 1 00 
permeability of, to non-electrolytes, 
100 

Onion, effect of temperature on per- 
meability of, 261 

permeability of, to water, 122, 261 
Opalina, permeability of, to dyes, 195 
Oryzias, permeability of, to salts, 180 
Oscillatoria, membrane structure of, 
100 

permeability of, to non-electrolytes, 
100 

Osmotic pressure, 1 9-20 
Overton’s theory, 76-7. See also 
Lipoid layer theory 
Oxygen, 111-12, 113-15, 259 
effect of, on permeability, 83, 12 1, 

125 

secretion of, 287-8 

Paracentrotus egg, effect of fertilisation 
on, 121 

permeability of, to water, 1 1 7 
Paramecium, permeability of, to dyes, 

195 

Parchment, permeability of, 112 
Partition coefficient, 76-7, 85-6, 96- 
loi, 104, 106, 107, III, 316- 
19. 33&-9. 352 

Patiria egg, permeability of, to water, 
117 

Permeability, constant, calculation of, 
40-9 

significance of, 76-84 
definition of, 3 

effect of enzyme poisons on, see 
Enzyme poisons 
interpretation of, 76-84 
relative, 107-9 

theories of, 50-76, 310-52. See also 
“Active patch” theory. Lipoid 
layer theory, Mosaic tlieory, 
Sieve theory, Traube effect 
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Phagocytosis and intestinal absorp- 
tion, 126, 1 30- 1 

Phascolosoma, permeability of, to 
water, 118 

Phase reversal theory, 327-8 
Phosphorylation, 106-29, 284-7 

Phytol, 130 
Phytosierol, 1 29 

Pisaster egg, permeability of, to water, 

1 17 

Plagiothecium, membrane structure of, 
100 

periiieabiliiy of, to non-electrolytes, 
100, 108 

Plant cells, equilibrium conditions on 
21-3 

methods of study of, 13-14 
Platelets, effect of, on capiilaiy per- 
meability, 125 

Plasma membrane, see “ Active patch ” 
theory, Lipoid layer theory, 
Mosaic theory*, Sieve theory* 
Clowes’ phase reversal theory’ of, 
327-8 

dielectric constant of, 204-5 
electrical capacity and resistance of, 
204-5 

homogeneity of, tests for, 80-1 
percentage of cell volume due to, 
103 

structure of, 60-75 
theory’ of diffusion through, 312-52 
thickness of, 66, 204-6 
Plasmoiysis, 14. 21 -2 
Plcuronectes egg, permeability of, to 
salts, 182 

Poisons, see Enzt’me poisons 
Polypeptides, effect of, on permea- 
bility, 125-6 

Pore size, see Sieve theory 
Pore theory, see Sieve theory 
Porous lipoid membranes, 79-80, See 
also Sieve tlieory 

Porous membranes, 77-9, 86. See also 
Sieve theory’ 

Potassium, 138-66, 170, 172-90, 

252-7 

Potato, permeability of, to water, 1 2 1 
Potential, action, 237 
of Maia, 231-5, 237 
ofMtella, 210-11 
bioelectric, 228-41 
electrical, 213-41 
liquid junction, 213-15 
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Potential (cont.j 
membrane, 215-41 
of apple cuticle, 230 
of skin, 24«>-i 
phase boundary’, 213-15 
resting, 230-41 

effect of narcotics on, 246 
Propionamide, 90, 97, 99-101, 104, 
108-9 

Protein, effect of, on membrane per- 
meability, 125-6 

mechanism of diffusion through 
membrane, 124 
on cell surface, 65, 89-70 
permeability of membranes to, 

1 24-6 

Protein membranes, 63, 76 
Pseudocenirotus egg, effect of environ- 
ment on, 1 19 

permeability of, to water, 1 19 
Pylaulla, membrane structure of, too 
permeability of, to non-electrolytes, 
100, 108 
Pyridine, ^ 

Red blood cell, see Erythrocyte 
Resistance, electrical, 204-12 
Respiratory' poisons, see Enzyme 
poisons 

RImo, membrane structure of, 98-100 
permeability of, to non-electrolytes, 
98-100, 1 08 

Roots, accumulation by, 1 70, 1 76 

Salmm e^,,permeaHlity of, 182 
Salts, absorption of, by kidney, 296, 
297-8. 2qg 

accuinularion of, 23:-4 
antagonii'ic action of. see Environ- 
ment 

effect of, on permeability, see En- 
vironment 

effect of temperature on permea- 
bility to, 259-60 

of weak acids and weak bases, per- 
meability to, 194-203, 251-2, 

permeability of ceils other than 
erythrocytes to, 169-93, 252-7 
permeability of erythrocytes to, 

133-^j 252-7 

permeability to, and death, 206-9 
theory cff permeability to, $30-9 
itHM, perix^ability to water, 1 17 


Secretin, 126 

Secretion, and phosphorylation, 284-7 
by kidney, 280-307 
of oxygen, 287-8 
of salts, 281-4 
of water, 279-80 

Sieve theory', 78, 90-3, 101-3, 105-7, 
125-6, 194-5, 215-22, 235-7, 
239. 249-50, 255, 259, 276, 
310-11,338-9 

Silica glass membrane, permeability 
of, to gases, 1 12, 259 
Silver, effect of, on permeability, 147 
Sodium, 138-67, 169-72, 174, 1 76, 
178, 182, 191, 252-7 
Sorbitol, 88 
Sorbose, 87 

Spectrum, absorption, 1 1 
Spirogyra^ effect of environment on, 
170 

effect of narcotics on permeability 
of, 249 

membrane structure of, 98-100 
permeability of, to dyes, 249 
to non-electroly'tes, 98-100, 108 
to salts, 1 70 
plasmolysis of, 169, 326 
Sterol, 127, 129 

Strongylocentrotus egg, permeability’ of, 
to water, 1 1 7 

Sucrose, 86, 87, 102, 106, 108-9 
Sulphide, 196-7 
Surface tension of cells, 63-5 
Swim bladder, permeability of, to 
gases, III 

secretion of oxygen by, 287-8 

Taraxacum, of environment on, 

170 

membrane structure of, too 
permeability of, to non-electrolytes, 
100 

to salts, 1 70 

Temperature coefficient, and mem- 
brane structure, 55, 93, 104, 
312-16, 349-52 
of diffusion in liquids, 54-5 
of permeability, 92-3, 104, 145, 146, 
161, 258-62, 312-18, 349-52 
Tests for membrane homogeneity, 
80-1 

Thermodynamics, Second Law of, 1-2 
Thiom-ea, 89, 90, 97, 99, 250, 299, 
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Tolypellopsis, effect of environment on, 
176 

permeability of, to salts, 1 76 
Tradescantidy effect of environment on, 
170 

effect of narcotics on, 1249, 252 
permeability of, to non-electrolvter 

249 

to salts, 1 70 

to weak electrolytes, 200 
plasmolysis of, 1 70 
Traube effect, 77, 319-20 
Triethyl citrate, 97, 99, 251 
Trimethyl citrate, 97, 99, 108-9 
Triolein, 129 

Trout egg, impedance of, 212 
permeability of, 182 

Urea, 85-90, 97, 99-102, 105-6, 108- 
9, 250-1, 292, 296-7, 30(', 

350-1 

Urethane, 97, 99 
Urethylan, 97, 99 
Urotropin, 97, 99, loi, 108-9, 251 

Valer amide, 97-9 
Valonia, electrical capacity of, Q05 
permeability of, to salts, 1 72-5 
to weak electrolytes, 196-9 


sap of, 1 72-5 

structure of membrane of, 239- 

40 ^ , 

\ an der Waals’ forces and diffusion, 
.51-2 

\ iscosity of cell membrane t oxn 


Water, effect of environment on per- 
meability to. 119-2G, 325 
permeability of, 1 1 2 
permeability to, 106, 1 16-23. -4^-8. 
201, 291—2 

theory of permeability 10. 3 15-; 6 
Weak electroly-tes, see Salts 
Wetting properties of cells, 62-3 

Xenopus, skin, electrical resistance of 
207 

X-ray analysis of lipoid layers, 72-3 
Xylose, 87, 106, 296, 298-9 

Yeast, electrical capacity of 205 
permeability of, to salts, 1 76 

Zoothamnium, permeability of, tc 
water, 1 1 7 

Zygnenia, membrane structure of 1 00 
permeability' of, to non-electroIytes 


CAMBRIDGE: PRINTED BY WALTER LEWIS, M.A., AT THE UNIVERSITY PRESS 



